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Abstract
Over the past decades, high-power fiber lasers and amplifiers have been extensively
under research to achieve higher output powers. However, temperature rise in the
core of the fiber lasers and amplifiers has been a hindrance to an acceptable stability
and efficiency in high power operation. Radiation-Balancing is a viable technique
that has been introduced for effective heat mitigation in lasers and amplifiers by
S. Bowman in 1995. The Radiation Balanced Laser (RBL) technique relies on solidstate laser cooling as a self-cooling mechanism to mitigate the generated heat in
lasers and amplifiers. To implement the aforementioned idea in the fiber lasers and
amplifiers, a set of issues should be scrutinized. Here in this study, we will delve into
two important issues for building a radiation-balanced fiber laser or amplifier: (i)
the amenability of silica glass (as the most common host material in optical fibers)
to laser cooling and (ii) an efficient design for implementing radiation balancing in
the fiber laser or amplifier.

v

For a radiation-balanced laser or amplifier, the gain medium should be amenable
to laser cooling; therefore, the observation of laser cooling in silica glass is a necessary
step for radiation-balancing in fiber lasers and amplifiers. In this study, to the best
of our knowledge, for the first time we report the first observation of laser cooling in
silica glass. We will show a temperature drop of 0.7 K below the ambient temperature
in a Yb-doped silica fiber preform. Our analyses also show that due to the small
doped area of (Double-Clad) DC fibers, the radiation-balancing cannot effectively
mitigate the generated heat in moderate-power operation regime (powers larger than
tens of watts.); therefore, a new configuration that we name ”Core/Cladding iondoped configuration” is introduced to enable the DC fiber amplifiers to mitigate the
generated heat in moderate-power operation regime.
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Chapter 1
Introduction

Over the past centuries light has played a central role in human life. Based on common sense, light and fire or light and heat go hand in hand, meaning that whenever
we see light propagating, we think that it must have originated from a hot source
like the Sun. But as it turns out, there are phenomena that are in conflict with such
a view which will be elaborated in the following. After the emergence of lasers in
1960s, many avenues opened for physicists to step into new areas of research one of
which was Doppler laser cooling. At first glance, one might think that the interaction
of laser light with any object always causes heating of the object. But it turns out
that it is not always the case.
Doppler cooling was first suggested by Hänsch and Schawlow in 1975 to bring the
dilute gas temperature effectively down to sub mK. The idea is to use the Doppler
shift of laser light to create a drag force to damp the translational motions of atoms.
Both its first domestication by Chu et al and its fundamental scientific application
by Cornell et al (the observation of the Bose-Einstein condensation) resulted in two
Nobel prizes in 1997 and 2001, respectively [1, 2].
But in a solid or a dense gas, the average density of atoms is around 1023 cm−3
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which is 10 orders of magnitude larger than that of the dilute gas. This relatively
dense medium causes the thermal energy to be stored in quanta of the vibrational
energy. Because solids thermalize through phonons, they require a different method
for annihilating phonons from the solids.
Anti-Stokes fluorescence cooling was first introduced half a century before the
Doppler cooling by Pringsheim in 1929. The idea uses the anti-Stokes fluorescence
emission of ion-doped solids as opposed to Stokes emission to annihilate phonons or
remove the thermal energy from the solids [3]. In other words, because the antiStokes fluorescence wavelength is shorter than the Stokes fluorescence wavelength,
the energy difference should come from the thermal energy of the host, liquid or
solid which is equivalent to a decrease in the temperature of the host. It is worth
mentioning that anti-Stokes fluorescence cooling is not only confined to the solids, but
it can also be applicable to liquids and gasses [4]. Because anti-Stokes fluorescence
cooling or refrigeration is free from mechanical vibrations, it has been introduced
as a reliable candidate for the space mission that needs coolers without mechanical
vibrations [4].

1.1

Historical background of solid-state laser cooling

In the mid 19th century, G.G. Stokes extensively studied the properties of fluorescence
emission. He presented his funding ”On the change of refrangibility of light” to the
Royal Society of London. In the proposal he said ”There is one law relating to
internal dispersion [fluorescence] which appears to be universal, namely, that when
the refrangibility [the extent of refraction, inversely proportional to wavelength] of
light is changed by dispersion it is always lowered [shifted to longer wavelengths” [5].
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Until the mid 20th century, it was believed that the reflected or emitted light from
any source redshifts. After the first observation of the Raman scattering in 1928 by
Raman for which he also won the Nobel Prize, the idea of anti-Stokes fluorescence
started to circulate among scientific communities. Anti-Stokes fluorescence which
was in sharp contrast with the Stokes’ law, stated that ”the emission fluorescence
light can have shorter wavelength than that of the incident light”.
One year after the first observation of Raman effect in 1929, Pringsheim suggested
the idea of anti-Stokes fluorescence cooling. But the proposal soon came under fire
by his contemporaries such as Vavilov who thought the idea was in conflict with the
second law of thermodynamics [6, 7]. Vavilov believed that since anti-Stokes fluorescence cooling was a reversible process; therefore, a system working under a reversible
process obviously could not have an energy yield larger than one like a refrigerator.
Referring to a paper published in the 18th century in which the authors claimed that
they could collect and collimate the fluorescence emission using several convex lenses,
he insisted that the anti-Stokes fluorescence cooling was a reversible thermodynamic
process and it could not lead to the anti-Stokes fluorescence cooling [6].
Although Pringsheim first believed that anti-Stokes cooling was a reversible process, he soon realized that the process is a irreversible one because if the incident
light was monochromatic and unidirectional and the fluorescence emission was broad
bandwidth and spherically scattered, then it would be certainly an irreversible process. He actually assumed that a broad-bandwidth light or scattered light should
have a larger entropy than a monochromatic and collimated one.
To give a better insight about the thermodynamic aspects of the anti-Stokes
fluorescence cooling, we first start with an anti-Stokes fluorescence engine illustrated
in Fig 1.2 where the engine receives its energy (Ep ) and entropy (Sp ) flows from a
pump light source.
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(a) P. Pringsheim, 1881-1963

(b) L. Landau, 1908-1968

Figure 1.1: (a) Peter Pringsheim: He was first to propose the idea of anti-Stokes fluorescence cooling, (b) Lev Landau: He first formulated an equation for light entropy.

Figure 1.2: The schematic diagram of an anti-Stokes fluorescence cooling engine.

Considering energy and entropy laws, Eqs. 1.1 and 1.2 describe the energy and
entropy conservation of the engine, respectively. Here, E and S are the total energy
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and entropy of the engine, respectively. (Here ”.” represents the time derivative.)
Ė = Ėp + Q̇ − Ėf ,
Ṡ = Ṡp +

Q̇
− Ṡf + Ṡg ,
T

(1.1)
(Ti =

Ėi
),
Ṡi

(1.2)

The engine consequently gives away an average fluorescence energy (Ef ) and
entropy (Sf ) to the surrounding medium. Since the system is supposed to be a
refrigerator, then a certain amount of heat (Q) at temperature (T ) also needs to be
transferred from the engine to the surrounding medium. Ṡg also denotes the engine
entropy that originates from some non-radiative processes.
Before we discuss the possibility of anti-Stokes fluorescence cooling using the
illustrated cooling engine in Fig. 1.2, we try to explain in a few words the dispute
on the issue between Vavilov and Pringsheim through the thermodynamic model
extracted from the anti-Stokes fluorescence cooling engine. Assuming that the whole
process is being done in steady state, the total entropy of the system should reduce
− Ṡf = 0 (Here we assume that we have a very efficient engine that Ṡg = 0).
to Ṡp + Q̇
T
Citing an old paper dating back to 1743, Vavilov thought that he could collimate
all the fluorescence light using several convex lenses, i.e., Ṡp = Ṡf . The conclusion
drawn by Vavilov was in conflict with our previous statement that Ṡp + Q̇
− Ṡf = 0.
T
The only way to resolve the paradox was to assume that this is an engine that
can transform the whole heat to pure work (Q → W ) so that the pure work carries
no entropy into the system. But he knew that this was not possible based on the
second law of thermodynamics which states that there is no engine that can turn
the whole heat into pure work, meaning that part of the initial heat always remains
in the system. Having said this, he came to the conclusion that in a reversible
thermodynamic process, this engine won’t work.
After the conclusion, Pringsheim proposed that ”anti-Stokes fluorescence cooling
is not a reversible process and it is an irreversible one”. Because the fluorescence
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light is emitted isotropically and broad-bandwidth; the entropy of the fluorescence
light should be greater than the incident light which is unidirectional and narrowbandwidth Ṡf > Ṡp . Now the entropy of the system will take the new form of
Ṡp +

Q̇
T

= Ṡf that does not contradict our previous statements. The increase in the

entropy of light can be compensated by the delivered heat.
If we define the coefficient of performance to be ηc = Q̇/Ėp , then after some
simple calculations in a steady state condition, Ė = Ṡ = 0, we will get the following
equation for the coefficient of performance.


T T1f − T1p − T ĖṠg
p
ηc =
.
1 − TTf

(1.3)

Another interesting point that can issue from Eqs. (1.1) and (1.2) is energy yield
of the studied engine which can be defined as follows
1−
Ėf
ηE =
=
1−
Ėp

T
Tp
T
Tf

(1.4)

where it can be shown that if we can satisfy Tp > Tf > T , the energy yield can be
larger than one (ηE > 1) which means that the extra energy should come from the
host material. This issue will be shortly addressed in the following.
Now in order to analyze the performance of such a refrigerator, one needs certainly
to define a temperature for light. This is where the great physicist, L. Landau, came
upon the stage and tried to formulate the entropy of light. After a few fruitful
discussions with Vavilov in 1946, he finally could develop an equation for the light
entropy.
The entropy of light which is a measure of the different degrees of freedom in a
system can be described by
sν = −kB

nX
ν =∞

pν (nν ) ln[pν (nν )]

(1.5)

nν =1
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where nν is the photon density in mode or at frequency ν and, p represents the
probability of finding nν photons in mode ν.
Using Bose-Einstein distribution for the photons, one can get the following equation for the light entropy:


sν = (1 + nν ) ln[(1 + nν )] − nν ln[nν ] ,
nν =

1
( khνT
B

e

)

(1.6)

.
−1

Finally, in order to calculate the light entropy, we need to consider the mode
density of the photon, D(ν) = 2πkB ν 2 /c2 . Then, the entropy crosses an element of
a surface with a solid angle of dΩ, within a frequency domain of dν in a direction
which makes an angle θ with the normal to the element dA, has the entropy flux
of [8, 9]
2kB
Ṡ = 2 ×
c

Z Z
A

ν2

ν1

h

ν

2

Z

Ω

i 
sν dΩ dν cos(θ)dA,

dΩ = sin(θ)dθdφ.

(1.7)

0

Considering a narrow-bandwidth light over a cone , Eq. 1.7 reduces to the following equation that shows the average entropy that the fluorescence carries away
through an area of dA and in 1 sec [8, 9]

2πkB ν02 
dS̄ =
(1
+
n̄)
ln[(1
+
n̄)]
−
n̄
ln[n̄]
∆νsin2 (θ)dA,
×
c2
1
n̄ =
.
hν0
exp[ kB Tb ] − 1

(1.8)
(1.9)

where n̄ represents the average number of photons at temperature Tb (which is the
black-body temperature) and around ν1,2 = ν0 ± ∆ν/2.
We know that the second law of thermodynamics tells us that any process in
nature should be associated with an increase in the entropy of the system (∆S ≥
0). Therefore, Landau could now prove that the anti-Stokes fluorescence cooling is
feasible because if we assume that the input light is very narrow both spectrally and
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spatially, ∆Ω → 0 and ∆ν → 0, then the initial value of the entropy approaches
zero, Sinitial = Sp ≈ 0, while the entropy of the fluorescence light is nonzero, Sf inal =
Sf > 0. Hence, anti-Stokes fluorescence cooling potentially can satisfy ∆S > 0 [8,9].
In order to calculate the radiation temperature, again we need to go back to
the basic definition that relates temperature to the entropy, TF = dIE /dIS , where
dS̄ = IS dA is the entropy flux, dĒ = IE dA is the energy flux and, dA is the area
through which the flux is passing. It is obvious that for the temperature calculation
we also need to calculate the energy flux as described by
Z Z
2h
Ė = 3
nν ν 3 dνcos(θ) dΩdA,
c
2πh 3
dĒ = 2 n̄ν0 ∆νsin2 (θ)dA
c

(1.10)

where energy flux is defined by Ē = Ė × c.
Now using the defined equation for the flux temperature, TF = dIE /dIS , the
radiation temperature can be described by [8, 9]
TF =

hν0
n̄
.
kB (1 + n̄) ln[(1 + n̄)] − n̄ ln[n̄]

(1.11)

Equation 1.11 can describe the flux temperatures of very high and low-brightness
sources. For a very bright source, n̄  1, it can be shown that Eq. 1.11 reduces
to TF ≈ (hν0 /kB )n̄/ ln[n̄] → ∞. For a low-brightness source, n̄  1, the flux
temperature reduces to TF ≈ (hν0 /kB )(1 − ln[n̄])−1 = TB . Now assuming that
the pumping source is a laser or a very bright source, then based on Eq. 1.11, the
pump light temperature becomes Tp := TF = ∞. Considering the fact that antiStokes fluorescence cooling occures in the studied sample, then the temperature
of the cooling sample becomes TF = TB (temperature of a low-brightness source).
Hence, Tp > Tf ; meaning that anti-Stokes fluorescence cooling can happen under the
condition.
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Finally, Landau came to the conclusion that in theory this process is possible
but in practice it cannot happen because there is no such coherent light source
whose temperature can approach infinity (Tp → ∞). It was not until 1960 that the
first laser was introduced by Maiman that had an output light as much coherent as
it was needed to observe anti-Stokes fluorescence cooling. The quest for anti-Stokes
fluorescence cooling accelerated on different levels such as materials of choice. Finally,
the first observation of anti-Stokes fluorescence cooling was made by R.Epstein in
1995 at Los Alamos National Laboratory (LANL) in Yb-doped ZBLAN glass [10].

1.2

Historical background of radiation-balanced
lasers

Over the past decades, high-power fiber lasers and amplifiers have been extensively
under research to achieve higher output powers. However, temperature rise in the
core of the fiber lasers and amplifiers has been a hindrance to an acceptable stability
and efficiency in high power operation [11]. Strides have been constantly made to
solve the perennial excess heat issue in high-power fiber lasers and amplifiers using
different methods such as liquid-forced cooling [12–15]. However, the need for an ever
more effective heat mitigation seems to be pivotal to achieving a higher efficiency in
the design of fiber lasers and amplifiers, especially in mid- and high-power operation
regimes.
A laser basically is an exothermic engine i.e. as it is operating, part of the
input energy turns into heat. This excess energy is called quantum defect which is
proportional to (1 − λs /λp )P0 where P0 is the input power. As the output power goes
up to reach higher power, the excess heat in the gain medium of the laser linearly
scales up with the absorbed power. As the output power reaches hundreds of watts
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and more, the excess heat becomes so high that it can change the optical properties
of the laser as it will be explained in detail bellow.
Two important steps have revolutionized the fiber laser and amplifier industry. In
1988, E. Snitzer opened a new avenue to high-power amplification in fiber amplifiers
by introducing Double-Clad fiber. Diode-pumping emerged in the 1980s, higher
power could couple into the new DC fiber efficiently. The second revolution came
along when Ytterbium (Yb) ions (Yb3+ ) replaced Neodymium ions (Nd3+ ). First
of all, Yb has a large absorption cross-section {850 nm, 1080 nm} with a peak at
λ = 976 nm that could benefit from high power diode lasers, especially GaInAs that
has an emission band of {945 nm, 976 nm}. And secondly, the Yb-doped fiber laser
has a low quantum defect around 5 % which makes it easy for heat management in
the high-power operation regime [16].
After the foundation of IPG Photonics in 1990, the high-power fiber amplifier and
laser industry rose to a new stage. The company began its journey from P = 1 W
single-mode fiber laser and a few years later, in 2004, it reached powers around P =
1 kW in a single mode operation. In 2009, IPG reported the maximum power that has
been reported so far in a single-mode fiber laser, which is P = 10 kW [16]. Nowadays,
fiber lasers and amplifiers have attracted a lot of attentions in both industry and
military due to their unique beam profile and incredible heat removal.
However, in recent years, the quest for higher powers in fiber lasers and amplifiers
stalled due to thermal management issues that manifest themselves in the form of
mode instability. The issue of mode instability refers to a process in which the output
beam profile of an amplifier becomes suddenly unstable.
The thermal gradient is one of the most important deteriorating opto-thermal
effects in high power lasers especially in fiber lasers and amplifiers [13–15]. The
thermal gradient causes the refractive index profile of the fiber’s core to change and
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take a quadratic form that will be shown in detail in the next few lines.
Thermal Mode Instability (TMI) is the most limiting factor in achieving high
powers in high power fiber amplifiers and lasers. The physics behind the issue is
still subject to debate but there are a few parameters that we know certainly trigger
the instability. It has long been known that no matter how low the fiber amplifier’s
temperature can get, regardless of the fiber amplifier’s temperature, TMI after a
certain output power kicks off [13–15]. Finally people have realized that TMI is
related to the linear heat density (q) deposited into the fiber amplifier. Therefore,
in order to avoid TMI, the total linear heat density in a fiber amplifier should be
smaller than a critical linear heat density value (q < qth = 34 W/m) [17].
In doing so, a considerable amount of effort has been put into the issue to push
the output power a little further. If we assume that the total linear heat density
(q) in a fiber amplifier can be decomposed into three major mechanisms as q =
qqd + qpd + qb , where qqd , qpd and qb are linear heat densities of quantum defect, photo
darkening and background absorption, respectively; as far as material processing is
concerned, the contributions of photo darkening and background absorption have
to be decreased [13, 14]. Needless to say that these two sources of heat originate
basically from impurities in the material and mitigation of them can potentially lead
to a cooling-grade silica glass. The potential of anti-Stokes fluorescence cooling in
such glasses fabricated to avoid photo-darkening will be studied in detail in the next
section.
To study TMI, here, we start with a typical DC fiber that has a core and first
cladding refractive indices of nco and ncl , respectively and also a core and first
cladding radii of a and b, respectively as it is shown in Fig. 1.3. If we assume
that the electric field inside the fiber has the following form
ω
β = nef f ,
c

El,m (ρ, φ, z) = ψ(ρ)silφ e−i(ωt−βz) ,
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(1.12)

where ρ describes the radial coordinate, n(ρ) describes the refractive index profile,
ψ describes the azimuthal angle and z represents the longitudinal coordinate. Here
we have assumed that the electric field is predominantly linearly polarized.
Then the differential equation that describes the transverse electric field propagating in the fiber, ψ(ρ, φ), can be described by


∂ 2 ψ 1 ∂ψ
ω 2
l 2
2
2
+
+ ( ) (n(ρ) − nef f ) − ( ) ψ = 0,
∂ρ2
ρ ∂ρ
c
ρ

(1.13)

where nef f is the effective refractive index that always satisfies ncl < nef f < nco .
Equation 1.13 results in a set a solutions such as ψl,m (ρ) where ψ0,1 (ρ) is called the
fundamental mode (LP01 ) and other modes are called higher order modes (HOMs)
like ψ1,1 (ρ):LP11 [18].
It can be shown that if the V-number of the fiber (V = (2πa/λ)

p
n2co − n2cl ) that

follows from Eq. 1.13 is smaller than V < 2.4, the fiber only supports one mode that
is the fundamental mode (LP01 ).

Figure 1.3: Schematic of a DC fiber with its refractive index profile.

The temperature distribution inside the core and cladding of a step-index optical
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fiber can be obtained by solving the heat equation as follows [19, 20]
∂ 2T
∂ 2T
1 ∂T
Q
+ 2 =− ,
+
2
∂ρ
ρ ∂ρ
∂z
κ

(1.14)

where here we have neglected the azimuthal part due to an acceptable symmetry in
the fiber.
Due to the special structural geometry of optical fibers where the fiber radius
is considerably smaller than fiber length a  z, we can neglect z part in Eq. 1.14.
Hence, considering the mentioned assumptions, the solution of Eq. 1.14 can be descried by





ρ 2

2κ
b

,
T0 + δT 2 ln( a ) + bHc + 1 − ( a )


T (ρ) =

ρ
2κ


T0 + δT ( bHc ) − 2T ln( b ) ,

ρ≤a
,

(1.15)

a <ρ≤b

where T0 is the ambient temperature, Hc is the convective heat transfer coefficient,
κ is the thermal conductivity and, δT = Qa2 /4κ is the temperature difference inside
the fiber core. Here we also have assumed that the heat power density (Q) is uniform
in the core of the fiber,
Considering the temperature rise in the fiber, one can expect changes in the
refractive index profile of an optical fiber due to thermo-optical effects [21]. Based
on the thermo-optical effects, the changes in the temperature can cause changes in
the refractive index profile as follows:
n(T0 + ∆T ) ≈ n(T0 ) +

dn
∆T + O2 (∆T ),
dT

(1.16)

where the thermo-optical coefficient of the silica fiber is dn/dT = 1.2 ×10−6 K −1 [21].
Therefore, the changes of the refractive index profile can be described with a good
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accuracy by the following equation [21]:





ρ

dn
2
nco + dT T (a) − T0 ) + δT 1 − ( a )
, ρ≤a


n(ρ) =
,



ρ
dn


a <ρ≤b
ncl + dT T (a) − T0 ) − δT 2 ln( b ) ,

(1.17)

A simple schematic of the refractive index profile of a fiber amplifier’s core that
is described by Eq. 1.17 is depicted in Fig. 1.4. As it is obvious now it is not uniform
anymore across the core.

Figure 1.4: Refractive index profile of a high-power fiber amplifier’s core. The refractive index profile takes a parabolic form (n2 ) due to the thermo-optical effect coming
from the deposited heat in the core (Q).

Using the new refractive index profile, now Eq. 1.13 takes a new form as follows


∂ 2 ψ 1 ∂ψ
l 2
ρ
2 2
2
2
+
+
m(x)
−
k
a
(n
−
n
)
−
(
)
ψ
=
0,
x
=
,
(1.18)
ef
f
cl
∂x2
x ∂x
x
a
where

m(x) =




V 2 + (1 − x2 )ζ 2 , x ≤ 1


−2 ln(x)ζ 2 ,

,

x >1
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(1.19)

and
r
ζ = ka (nco + ncl )

dn
δT .
dT

(1.20)

It is obvious that as the temperature inside the core increases (δT ), Eq. 1.18
deviates more and more from Eq. 1.13. In Ref [21], it is shown that a step-index
single mode fiber with a = 10 µm, b = 200 µm, N A = 0.035, and V ≈ 2 has only
the fundamental mode (LP10 ). However, after a temperature rise of δT = 1K in the
core of the fiber, the fiber will posses a total number of 9 modes such as LP11 , LP21 ,
etc. In other words, after a temperature rise of δT = 1 K, the other HOMs will
shift towards the core of the amplifier and the probability of the interaction in the
distorted medium increases (for detailed explanation please see Ref. [21]).
Now because we have higher order modes due to the rise in temperature, and a
modified refractive index profile, the modes start exchanging energy. What happens
here is that the energy exchange between the modes is proportional to the term
R
< LP01 |n(ρ)|LPlm >= ψ01 (ρ)n(ρ)ψlm (ρ)d3 ρ in which n(ρ) acts like a coupling coefficient between the other modes. In other words, a refractive index with a parabolic
profile makes < LP01 |n(ρ)|LPlm >6= 0 nonzero (< LPl0 m0 |LPlm >∝ δll0 ,mm0 ). Needless to say that for the exchange of the energy between the different propagating
modes (with the same angular numbers (l)) there are different methods like BPM
that is explained in Ref [21].
What so far has been said about the thermo-optical issue in high power amplifiers
is just a simple and not accurate explanation of TMI. Before we turn to the physics
behind TMI, it is worth mentioning that the thermo-optical effect which triggers
the TMI, is independent of the heat transfer coefficient (Hc ). As it is obvious from
Eq. 1.17, the temperature variance in the fiber core is δT = Qa2 /4κ while the
temperature difference between the fiber’s cladding and its ambient (∆T = T (b)−T0 )
is ∆T = Qa2 /2bHc . All the convenient methods for heat management of fiber
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amplifiers and lasers rely on the heat transfer coefficient in the sense that using cooled
liquids possessing a high value of heat transfer coefficient such as Hc ≈ 104 W/Km2 ,
the fiber temperature (∆T ) can be decreased as near to zero even at kWs levels [22].
As it is obvious from Fig. 1.5, one of the most common methods for heat management
of the fiber amplifiers or lasers is based on cold liquids; the fiber amplifier is wrapped
around a cold plate into which the cold liquid is being injected and consequently;
the fiber amplifier temperature drops substantially.
However, the TMI still is a big hurdle. Considering the derived temperature variance in the core (δT ), it is not surprising that TMI is unavoidable as the temperature
variance of the fiber core is independent of the heat transfer coefficient.

Figure 1.5: The fiber amplifier or laser is wrapped around a cold plate into which a
cold liquid is injected. The setup image is taken from Nufern Inc..

Another thermal limiting factor which is pronounced at high powers is thermal
lensing effect. It is well-known that a medium with a parabolic refractive profile
can give a rise to self focusing. The thermal gradient inside the core of the lasers
or amplifiers leads to the self-focusing effect that results in several problems such as
beam quality degradation. Once self-focusing happens, the beam profile of a laser or
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amplifier undergoes more phase shift at the center compared with the other parts of
the core that leads to a lower beam quality. Beside that, self-focusing also leads to
mode shrinking as well.
Here we concisely try to address the problem first using the ABCD matrix formalism. Considering Eq. 1.17, we can assume that our medium has a refractive index
profile like n(ρ) = n0 − (1/2)n2 ρ2 where n2 = (dn/dT )Q/2κ; therefore, the ABCD
matrix formalism for such a medium will have the following form:

 

r
A B
cos(γz)
(n0 γ)−1 sin(γz)
n2

=
,
γ:
.
n0
C D
−(n0 γ) sin(γz)
cos(γz)

(1.21)

The ABCD matrix for such a medium describes a zigzag path that originates from
a competition between the self-focusing and diffraction phenomena [22]. However,
at a critical power, the curvature of the beam profile (R) in such a medium vanishes
and produce a collimated beam whose waist (w) is comparable to the original mode
waist of the fiber. To show this, we use the following well-known equations for the
propagation of a Gaussian beam,
n0
λs
1
=
−j 2
q
R
πw
Aq + B
q=
,
Cq + D

(1.22)
(1.23)

where assuming R = ∞ as a condition that originates from a balance between the
self-focusing and diffraction, we will get the following equation for the beam waist
of the propagating beam
s
λ
2κ
0
wT2 L =
.
dn
π n0 Qth dT

(1.24)

Here, Qth is the threshold value for the deposited heat in the fiber core at which
the balance between the self-focusing an diffraction occurs. The threshold value of
T.L
the heat density can be simply linked to a threshold value of the output power (Pth
).
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Assuming that the thermal lensing beam-waist lies usually within wT L ≈ (0.7−0.8) w
(w is the original beam waist)(Needles to say that the beam-waist should shrink due
to presence of self-focusing as an auxiliary phenomenon to the step-index guiding in
converging light.), then the threshold signal power value for the thermal lensing can
be described by
1 ηs πκ λs 2
T.L
Pth
≈ ( )(
) dn ( ) L,
2 ηheat dT
a

(1.25)

where L is the fiber length, ηheat is the heat generation coefficient and ηs is the signal
efficiency, ηheat + ηs = 1.
Thermal lensing due to the beam shrinking firstly, decreases the non-linear threshold power and secondly, degrades the beam quality [22]. Although the thermallensing is a detrimental effect in high-power lasers and amplifiers, it seems that it is
not the biggest hurdle to achieve higher powers in high power fiber amplifiers and
lasers.
In the last decade, as the output power of high-power fiber amplifiers approved
a few kW levels, a temporal instability began to degrade the beam quality of the
amplifiers. First people were puzzled with this instability that had a temporal behavior. The calculations showed that the thermal lensing plus some other nonlinear
effects such as Stimulated Raman Scattering (SRS) should allow the fiber amplifiers
to function properly up to 37 kW while around a few kW the temporal instability
started to appear [22].
The issue of the mode instability refers to a scenario in which the output beam of
a fiber amplifier at a threshold power suddenly becomes unstable. As a consequence
of the mode instability, the Gaussian beam profile of the fiber amplifier starts fluctuating. The measurements by a high speed camera confirmed that the fluctuations
originate from an energy exchange between the fundamental and HOMs [13, 14].
Soon after the first observations of the mode instability, people realized that due
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to the interference between the fundamental and higher order modes, a long period
index grating is created along the fiber amplifier that results in an energy exchange
due to Kramers-Kronig and thermo-optical effects. Because due to the interference
there are points along the fiber where the intensity becomes maximum, therefore,
the population in the upper level becomes lower than at other points. Consequently,
a long period index grating is formed along the fiber amplifier (∆nLP G = N2 ∆kk ,
where ∆nLP G is the induced refractive index changes by population inversion in the
gain medium, N2 is the ion density in the upper level, ∆kk is the Kramers Kronig
coefficient.) [23]. In addition to that, at points where the population depletion occurs
due to the interference, the heat generation is also greater; therefore, there will be a
thermally induced refractive index change as it was explained before.
However, the created long period index grating could not explain all the aspects of
the mode instability such as temporal instability. To explain the temporal behavior
of the instability, A. Smith et al. suggested a phase shift between the fundamental
mode and the second HOM which is around a few kHz. The suggested phase shift
led to a moving long period index grating and clearly could explain the temporal
behavior of the mode instability. But, the origin of the HOM or the second mode is
still subject to debate, and many consider its origin from quantum fluctuations and
micro-bending [23, 24].
Due to the fact that this temporal instability originates from the changes of the
refractive index profile by the temperature, it is known as Thermal Mode Instability
(TMI) and is the most important limiting factor in power-scaling of high power fiber
amplifiers. The detailed study of TMI lies beyond the scope of the dissertation.
However, here we try to explain it very concisely.
The most comprehensive model regarding the TMI was proposed by M. Zervas
in 2018 [17, 25]. In his model, he tries to explain the instability considering all the
aforementioned assumptions. In doing so, he uses a paraxial wave equation described
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by
i
i 2
∂Es
1 ∂Es
i h 2
+
−
∇t + (n2c k02 − βs2 ) Es =
ω µ 0 PN L ,
∂z
vg ∂t
2βs
2βs 0

(1.26)

where E(r,t) = Es (r, t) exp[i(βs −ω0 t)] êx is the propagating electric field in the fiber,
vg is group velocity, nc is the core refractive index, k0 = ω0 /c, PN L = 0 ∆nN L Es is the
nonlinear material polarization where ∆N L ≈ 2nc ∆NN L , and βs is the propagation
constant.
As it was mentioned before, the induced nonlinear refractive index changes in
the process consist of both thermal and population inversion parts, ∆nN L = ∆nT +
∆nN L , each of which is defined as follows
dn
∆T
dT
i
i h
(σa (λp ) + σe (λp ))(1 + iαN L )N2 (r, t) − σa (λp )N0 (r, t) ,
=−
2k0

∆nT =
∆nN L

(1.27)

where σa and σe are the emission and absorption cross sections, αN L is the real-toimaginary susceptibility ratio and, N0 is the total ion density.
The temperature changes across the fiber amplifier also can be obtained by
ρ 0 Cv

dT (r, t)
− κ∇2t T (r, t) = Q(r, t),
dt

(1.28)

where ρ0 is the mass density and, Cv is heat capacity at constant volume.
Here we assume that the energy exchange between the fundamental mode (LP01 )
and the second HOM (LP11 ) perturbs the fundamental parameters of the system
such as the upper state population N2 (r, t) = N2,ss + δN2 (r, t), the core temperature
δT (r, t) = δTSS + δ(δT (r, t)) and consequently the electric field (E(r, t) = Ess +
E(r, t)),(The subscript ss stands for steady state).
Equation 1.26 can be solved using a perturbation method. The perturbation
theory finally leads to a constraint for the gain coefficient of the second HOM that
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has to be positive for the amplification. The constraint leads to the following equation
for the output signal power beyond which TMI kicks off:
 2 2

2
κ
ηs U11
(U11 − U01
) λs 2
T MI
Pth =
( ) L,
dn
8πnef f ηheat
a
dT

(1.29)

where U01 = a2 (n2c k02 −βs2 ) and U11 = 3.832 exp(−V −1 ) are the normalized transverse
wavenumbers of LP01 and LP11 , respectively and, nef f here is the effective refractive
index of the fundamental mode, LP01 .

Figure 1.6: The threshold powers for TMI (blue line) and TL (red line) versus DC
fiber diameter (2a) with V=3.0, L=1.2 m, ηs = 0.72 and, ηheat = 0.28 [17].

As it is obvious from Eqs 1.25 and 1.29, (ηs /ηheat × κ(dn/dT )−1 (λs /a)2 L) is a
common factor in the equations. However, the other factors lead to discrepancies
between the two equations. For example, for a typical fiber amplifier as it is obvious
in Fig. 1.6, TMI occurs at lower powers than thermal lensing. In other words, it
T MI
TL
can be shown that for high-power amplifiers Pth
/Pth
≈ 0.6 [17] which proves our

previous claim that the TMI threshold is smaller than that of the TL.
Another important conclusion that can be drawn from Eq. 1.29 is that there are
two possibilities for the reduction of the power threshold of TMI. The first possibility
is to reduce the fiber core radius a, but it itself dramatically increases the other
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detrimental nonlinear effects in fiber amplifiers. The only reliable solution to the
problem is to decrease the heat generation coefficient ηheat .
As it was mentioned before, the total linear heat density generally consists of
three parts as q = qqd + qpd + qb . In order to make more room for the quantum defect
that is linearly proportional to the output power, the contributions of photodarkening
and background absorption should be minimized. In striving to minimize those two
factors, it was realized that the photo-darkening effect is linearly dependent on the
dopant density; therefore, in order to decrease the photo-darkening loss (qpd ), the
ion density of a fiber amplifier should decrease. It will be shown that a tangible
reduction of the ion density in the fiber amplifiers can make them ideal for laser
cooling too. To decrease the background loss in the fiber (qb ), special care was taken
to decrease the impurities as much as possible [14, 26, 27].
So far we have shown that one of the reliable solutions to further increase the
output power to decrease the heat generation in high-power lasers and amplifiers.
One solution as it was just discussed is the material processing. Another potential
solution that might be able to solve the problem is called Radiation-Balanced Laser
(RBL) Technique or Radiation Balancing. In this method, due to benefiting from
anti-Stokes fluorescence cooling, the temperature variance of the fiber core can be
decreased by directly mitigating the total linear heat density unlike the conventional
methods that do not affect the temperature variance in the core.
Radiation-balancing was first introduced by S. Bowman in 1999 [28]. The idea
benefits from solid-state laser cooling for the heat mitigation. Meaning that the
rare-earth-doped optical fiber is pumped at a wavelength of λp , which is greater
than the mean fluorescence wavelength λf of the active ions; therefore, the antiStokes fluorescence removes some of the excess heat. Suffice to say that the gain
medium in the lasers and amplifiers should be amenable to laser cooling; therefore,
this factor as we will show, puts a very stringent constraint on the application of the
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radiation-balancing to different amplifiers and lasers.
In order to fully grasp the idea of radiation-balancing first we need to understand
laser cooling as the backbone of the radiation-balancing technique. Hence, we first
begin our discussion with anti-Stokes fluorescence cooling. In order to formulate the
cooling power density (Q), we should consider all the physical processes involved in
the heat generation and extraction mechanisms as it will be explained.

Figure 1.7: Schematic diagram of anti-Stokes fluorescence cooling in a Yb-doped
material with Yb3+ energy levels.

Pumping the gain medium, we excite some of the ions to the upper level (N2 ).
The excited ions in the upper level spontaneously decay down to the ground state at
the rate of N2 /τf . Part of the input intensity also gets absorbed by impurity (αb ).
Considering all the described processes and assuming that the sample is not too long,
the ion density in the excited state (N2 ) can be described by
dN2
Ip 
=
N0 σa (λp ) − N2 (σa (λp ) + σe (λp ))
dt
hνp
 N
Is 
2
+
N0 σe (λs ) − N2 (σe (λs ) + σa (λs ) −
,
hνs
τf
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(1.30)

where the equation under steady state condition (dN2 /dt = 0) leads to
βp ip + βs is
Ii
N0 ,
ii =
,
1 + ip + is
Isat (λi )
hc
, i ∈ {p, s}
Isat (λi ) =
λi (σa (λi ) + σe (λi ))τf
N2 =

where βi =

(1.31)

σa (λi )
.
σa (λi )+σe (λi )

Here, ip and is are the normalized pump and signal intensities, respectively and
Is is the saturation intensity. Now, neglecting the signal intensity (is ≈ 0) in the
process of laser cooling that originates from the fact that the cooling samples are
usually short, one can get the following equation for the net power cooling density
(Q),
Q(λp ) = [N0 −

hc
N2
]σa (λp )Ip −
N2 + αb Ip ,
βp
λf τ r

(1.32)

where λf is mean fluorescence wavelength, αb is background absorption and,τr the
radiative lifetime.
In Eq. 1.32, the first term describes resonant absorption and is responsible for the
heat generation, the second term originates from anti-Stokes fluorescence cooling and
responsible for the heat extraction and, the third term originates from the background
absorption and generates heat [29, 30].
The anti-Stokes fluorescence (ASF) emission which is responsible for the heat extraction in laser cooling can be understood by assuming that each excited atom in the
upper level decays from different sub-energy levels; therefore, if the average energy
of each emitted photon is ĒASF = hc/λf , then the net power density that escapes
from the material over the radiative lifetime (τr ) would be QASF = (N2 hc/τr λf ).
The mean fluorescence wavelength (λf ) is the average wavelength associated with
the average energy of an emitted photon. If we assume that φ(ν) is the photon flux
density, then the average energy of a photon that is emitted via ASF (ĒASF ) takes
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the following form
ĒASF

R
φ(ν)νdν
= hνf = h R
.
φ(ν)dν

(1.33)

Considering that dν = −cdλ/λ2 and (hc/λ)S(λ) = hνφ(ν), where S(λ) is the
spectral density, the mean fluorescence wavelength can be obtained from [4, 28]
R
S(λ)λdλ
λf = R
.
(1.34)
S(λ)dλ
After some simplifications, we will obtain the following equation for the net cooling power density as described by
Q(λp ) = (1 − ηext

λp
)αr (λp )Ip + αb Ip ,
λf

(1.35)

where
ηext =

τf
,
τr

τf = η e τ F ,

αr (λp ) = [N0 −

N2
α0
]σa (λp ) =
,
βp
1 + ip

α0 = N0 σa (λ),

(1.36)

and ηe is the escape efficiency, τf is the modified fluorescence lifetime due to reabsorption and, ηq is the internal quantum efficiency.
ηext is the external quantum efficiency that describes the amount of the ASF that
can escape the material. In other words, those photons that cannot contribute to
the heat extraction via ASF ((1 − ηext )N2 ) go through either a non-radiative decay
or reabsorption process. The latter shows up in the internal quantum efficiency
(ηq ), the former is described by the escape efficiency (ηe ). Another way to put the
internal quantum efficiency is that there are two parallel channels for the decay of the
excited atoms, radiative (τr ) and non-radiative (τnr ) channels. But the channel that
contributes to the heat extraction is the radiative part that shows up in Eq. 1.32.
We will cover the issue in detail in the next chapter.
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Equation 1.35 also can be rewritten in another form as follows
Q(Ip ) = (1 − ηext ηabs

λp
)αr (Ip )Ip ,
λf

ηabs =

αr
,
αr + αb

(1.37)

where ηabs is the absorption efficiency coefficient.
Equation 1.37 tells us a few points about laser cooling condition. The condition
for laser cooling is that the net power density (Q) becomes negative (Q < 0); meaning
that the ASF cooling (QASF ) dominates other terms that generate heat. To have
the net cooling power density negative, the product of ηext ηabs should be near unity
because in laser cooling, the cooling engine works in the long-wavelength tail of
the absorption cross section; hence, the pump and mean fluorescence wavelengths
are very close to each other (λp ≈ λf ). If the product of ηext ηabs ≈ 1, then the
implemented material for laser cooling should be high-purity [4].
Cooling-grade materials are the materials that posses an external quantum efficiency ηext > 0.98 and a background absorption much less than the resonant absorption αb /αr < 0.01 [4]. Such materials are potentially suitable for laser cooling. The
necessity of high-purity materials for laser cooling puts a stringent limitation on the
diversity of the materials suitable for laser cooling.
Figure 1.8 concisely describes the idea of radiation balancing. If the gain material
of a laser is cooling-grade, the gain material can also simultaneously exhibit both
signal amplification and heat mitigation through anti-Stokes fluorescence cooling
under a specific condition. Signal amplification in any laser or amplifier is always
associated with heat generation. Now, let us imagine that the gain medium can
simultaneously exhibit ASF cooling. It will be shown that under a very subtle
balancing condition, the heat generation originating from the quantum defect or
other impurities in the laser can be offset by ASF cooling [28, 31, 32].
The subtle balancing condition between different parameters of a laser or amplifier
plays a critical role in radiation balancing, and that is why S. Bowman coined term of
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Figure 1.8: Schematic diagram of radiation-balancing engine. The heat generated by
the quantum defect (qqd ∝ (1 − ννps )) is offset simultaneously by the heat extraction
ν
from anti-Stokes fluorescence cooling (qf ∝ (1 − νfp )), q = qqd + qf ≈ 0.0.

”Radiation Balanced Laser” for the lasers. Here, we will describe radiation balancing
and the basic conditions required for it.
Unlike a laser cooler, in a laser or amplifier the contribution of the signal amplification to the total heat should be taken into account. Considering the contribution
of the signal amplification, the total heat power density can be described by

Q(λp , λs ) = [N0 −

N2
N2
hc
]σa (λp )Ip + [N0 −
]σa (λs )Is −
N2
βp
βs
λf τr

(1.38)

+ αb Ip + αb Is ,

where the second term here represents the contribution of the signal amplification.
Equation 1.38 can be re-written in a new form by decomposing N2 into two parts
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as follows
N2
hc
βp ip
]σa (λp )Ip −
[
N0 ]
βp
λf τr 1 + ip + is
N2
hc
βs is
+ [N0 −
]σa (λs )Is −
[
N0 ]
βs
λf τr 1 + ip + is

Q(λp , λs ) = [N0 −

(1.39)

+ αb Ip + αb Is ,
N2 =

βs is
βp ip
N0 +
N0 .
1 + ip + is
1 + ip + is

Finally after some simplifications, Eq. 1.39 takes a new form as follows

λp 
λs 
Q(λp , λs ) = αr (λp , λs )Ip 1 − ηext
− γs (λp , λs )Is 1 − ηext
λf
λf


+ αb (Ip + Is ),

(1.40)

where γs (signal gain) and αr (resonant absorption coefficient) are defined by
 i βp − 1 
p βps
γs (λp , λs ) = α0 (λs )
,
1 + ip + is
 i βs + 1 
s βps
αr (λp , λs ) = α0 (λp )
.
1 + ip + is

(1.41)

Neglecting the background absorption, Eq 1.40 finally can be re-written in the
final form of
imin imin
ip is
p
[1 − s −
],
1 + ip + is
is
ip
hc 1
1
Q0 = (βp − βs ) ( − )N0 ,
τr λp λs
Ipmin
λp  λs − λ∗f  βps
=
imin
=
,
p
Isat (λp )
λ∗f λs − λp βp
Ismin
λs  λp − λ∗f  βps
min
= ∗
,
is =
Isat (λs )
λf λs − λp βs

Q(λp , λs ) = Q0

(1.42)

(1.43)

where λ∗f = ηext λf is the crossing wavelength or the wavelength beyond which the
cooling-grade material exhibits cooling.
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Equation 1.42 clearly shows that in order for the generated heat to vanish (Q = 0),
the following condition that is called radiation-balancing condition has to be satisfied,
1−

imin
imin
p
s
−
= 0.
is
ip

(1.44)

Figure 1.9: Emission (σe )(red line) and absorption (σa ) (blue line) cross sections of
Yb-doped silica glass versus wavelength. λf , λp and λs are depicted in the corect
order for radiation-balancing.

Equation 1.44 is depicted in Fig. 1.10 for a Yb-doped silica gain medium whose
emission and absorption cross sections are described in Fig. 1.9. Using the emission cross section, one can obtain the mean fluorescence wavelength that is λf =
1010 nm [33]. Here, we also have assumed that λp = 1030 nm and λs = 1045 nm.
Figure 1.10 describes Eq. 1.44 which is a rotated Hyperbolic function. It is clear
that as the pump intensity becomes larger and larger (ip → ∞), the signal intensity
asymptotically approaches a constant value of is = imin
. The same is also true for
s
the pump intensity; meaning that if is → ∞ then ip = imin
p . The relationship which
is imposed by the radiation-balancing condition on the pump and signal intensities
is very different from the relationship that one can find in a typical laser or amplifier
for which the pump and signal have a linear relationship (ip ≈ is ) [28].

29

Figure 1.10: The radiation-balancing condition for a Yb-doped silica glass gain
medium with λp = 1030 nm, λs = 1045 nm, and αb = 0.

The radiation-balancing condition imposes a very stringent constraint between
the pump and signal intensities. The constraint makes radiation-balancing extremely
difficult to implement in practice. Here, we apply the required radiation-balancing
condition to both an amplifier and a laser. We start with a simple signal amplifier.
Later on in the next chapter, we will cover the radiation-balanced fiber amplifier in
detail.
The following equation describes the evolution of the signal in an amplifier [29]

dIs
= γs (is , ip )Is ,
dz

(1.45)

and finally considering Eq. 1.44, we will obtain the following equation for an athermal
or radiation-balanced amplifier

i
Is (z)
I min βp − βs h Is (z)
= s
ln[
] + N0 σa (λs )z + 1.
Is (0)
Is (0) βp
Is (0)
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(1.46)

Equation 1.46 can be rewritten as follows too


Is (z)
=e
Is (0)

Is (z)−Is (0)
0
Is

Is0 = Isat (λs )


× e−(σa (λs )N0 z) ,

λs λs − λ∗f
.
λ∗f λs − λp

(1.47)

Here, we apply the idea of radiation-balancing to a Yb-doped silica fiber with
an ion density of N0 = 5 × 1025 m−3 , length of L = 10 m, fluorescence lifetime of
τf = 0.9 ms, λp = 1030 nm , λs = 1045 nm, λf = 1010 nm, Is (0) = 3.5 Isat (λs ), and
ηext = 1.0.
Figure 1.11 shows the evolution of both signal (is ) and pump (ip ) intensities along
the fiber amplifier based on Eq. 1.47. As it is clear, the signal intensity gets amplified
as it propagates along the fiber amplifier. The pump intensity also follows a nonlinear function along the fiber amplifier. Figure 1.11 tells us that for achieving the
radiation-balancing condition at any point along the amplifier, the pump intensity
has to follow a very complicated pattern along the athermal fiber amplifier. In other
words, to implement radiation-balancing in amplifiers, one needs to use a special
pump scheme, perhaps a special side-pumping pattern, along the fiber amplifier that
as it will be discussed, is extremely difficult to implement.
The simple schematic of an athermal amplifier is shown in Fig. 1.12 where the
seed signal is introduced from left and is amplified as the signal propagates along the
amplifier. Note that at any point along the fiber amplifier, the radiation-balancing
condition that is depicted in Fig. 1.10 has to hold and of course, the introduced seed
is no exception. Meaning that the magnitude of the seed intensity should satisfy
the radiation-balancing condition (Is (z = 0) > Ismin ). One of the things that makes
the athermal fiber amplifier different from the conventional one, as it is obvious
from Fig. 1.11 is its near-linear amplification that normally does not happen in
conventional fiber amplifiers.
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Figure 1.11: The red line describes the evolution of the normalized signal intensity
along the athermal fiber amplifier. The blue dashed line represents the evolution of
the normalized pump intensity.

Figure 1.12: Schematic of an athermal fiber amplifier with its pump and fluorescence
intensity distributions.

For example, one of the solutions to the pumping problem in radiation-balanced
fiber amplifiers is to use different fiber couplers along the fiber amplifier as it is shown
in Fig. 1.13. But first of all, this approaches increases the cost and complexity of
the setup and secondly, the splicing between the coupler and the fiber amplifier that
seems to be required for the setup, generates heat and imbalances the radiationbalancing.
The complexity of an athermal amplifier as it was discussed before, can be simpli-
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Figure 1.13: Schematic of the pump-scheme of an athermal fiber amplifier.

fied depending on what we want from radiation-balancing. If an exact zero temperature is desired along the laser or amplifier, the complexity seems to be unavoidable,
but if an effective temperature drop is desired, it will be shown that typical fiber
amplifier set-ups still can be used for radiation-balancing.
So far we have neglected the background absorption in the dynamics of radiationbalancing. But as it will be discussed later on, it has several consequences in powerscaling of radiation-balanced fiber amplifiers due to the fact that the background
absorption in radiation-balancing is comparable to the resonant absorption. Therefore, consideration of the background absorption in radiation-balancing seems to
be unavoidable. Figure 1.14 is the modified figure of Fig 1.10 in the presence of
background absorption with a background absorption of αb = 5 dB/km.
The new radiation-balancing condition in the presence of background absorption
is described in Fig. 1.14. As it is obvious, now the radiation-balancing condition is
different from the radiation-balancing condition in the absence of the background
absorption. The downward shift in Fig. 1.14 is rooted in the fact that now we have
an extra positive term in the net cooling power density (Q0 (Ip , Is ) = Q(Ip , Is ) +
δQ, δQ = αb (Ip + Is )) that deposits extra heat in the system. Therefore, to achieve
the radiation-balancing condition, the pump and signal intensities have to be smaller
to compensate for the extra heat from the background absorption [30].
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Figure 1.14: The radiation-balancing condition for a Yb-doped silica glass gain
medium with λp = 1030 nm and, λs = 1045 nm. Blue and black dashed lines
denote the cases where αb = 0 and αb = 5 dB/km, respectively.

So far we have discussed radiation-balancing in the fiber amplifier using a set
of simplifying assumptions. Here, we say a few words on the implementation of
radiation-balancing in a simple laser. We know that for a laser functioning in steady
state, in a round-trip, the signal gain should equal the cavity loss that can be described by [30]
γs (ip , is ) ≈

T2 + li
,
2L

(1.48)

where T2 is the coupling loss of the output mirror, L is the gain medium length and,
li is the internal cavity loss.
The equality between the loss and gain in a laser that is described in Eq 1.48
reduces to a relationship between the signal and pump intensities inside the laser
cavity described by
1 ip
is = (1 + )[ − 1]
θ ith
β
−1
T2 + li
p
θ=
,
ith = (1 + θ)
−θ−1
.
2Lα0 (λs )
βs

34

(1.49)

Finally, assuming that the right and left moving signals in the cavity are equal
≈ T2 is /2.
to each other, then the output intensity of a laser would be iout
s

Figure 1.15: Schematic of a radiation-balanced laser cavity.

So far we have shown that for achieving radiation-balancing condition, the signal
and pump intensities are tied together by radiation-balancing condition. But in
a laser, these values are related to each other by the fundamental parameters of
the laser cavity such as the cavity loss (li ), gain (γs ), output coupler loss (T2 ) etc.
Having said that, it is obvious that for designing an RBL, one needs to satisfy all
the conditions simultaneously. Meaning that if R(ip , is ) = 0.0 represents radiationbalancing condition, and C(ip , is ) = 0.0 describes the balance between the cavity
gain and loss which finally transcends into Eq. 1.49, then for an RBL the following
condition has to be met R(ip , is ) − C(ip , is ) = 0.0 [30].
The appropriate values of the signal (is ) and pump (ip ) intensities for an RBL
in a certain cavity can be obtained from the crossing points between the two plots
representing R(ip , is ) and C(ip , is ) as they can be found in Fig. 1.16.
Figure 1.16 implies the pump and signal intensities for a cavity with a Yb-doped
silica gain (the features of the gain medium are the same as the previous cases), an
output coupler with T2 = 2 % and different internal losses of li = 0.0, li = 0.4 %, li =
0.8 %. The pump and signal wavelengths are the same as before. It is clear that with
the increase of internal loss (li ), the efficiency of the laser decreases. The crossing
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Figure 1.16: The black line describes the relationship between the signal and pump
intensities inside the considered RBL cavity and the red line describes the radiationbalancing condition of the cavity with a coupler loss of T2 = 2 %. Three different
internal losses of li = 0.0, li = 0.4 % and, li = 0.8 % are also considered in the plot.

points represent the values of the pump and signal intensities that can satisfy the
radiation-balancing condition for each corresponding cavity.
What can be interpreted from Fig 1.16 is that due to an extra constraint that
originates from radiation-balancing condition, the signal intensity no longer can scale
up linearly with the pump intensity and for any RBL there is only one single value
of signal and pump intensities (ip0 , is0 ) under which the RBL operates.
So far we have assumed that the pump and signal intensities have a top-hat
Gaussian beam profile in the sense that the pump and signal intensities’ distributions
are uniform across the gain medium. But in reality, in many cases both pump
and signal intensities have a Gaussian beam profile that can potentially change the
radiation-balancing condition and the laser efficiency [30]. The modified radiationbalancing condition, considering a Gaussian beam profile for the pump and signal
intensities, is calculated in Ref. [30]. The calculations show that the RBL plot (as
it is described in Fig. 1.10) shifts upward due to the fact that now part of the gain
medium is not pumped by the pump intensity.
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The Global radiation-balancing condition considering a non-uniform beam profile
2

(ij (ρ) = ij e(−2(ρ/wj ) , j = s, p) can be described by
1 − Zs

imin
imin
p
s
− Zp
= 0.
is
ip

(1.50)

where under normal condition where 4 < ip + is < 20, the values of Zp = Zs ≈ m =
3.3 within 10 % errors [30].
Another consequence of the Gaussian beam profile is that for a Gaussian beam
profile, the pump and signal intensities will also shift to ip /m and is /m in Eq. 1.49.
Therefore, the RBL point will shift nearly three times to the higher values [30].
The first functioning RBL was demonstrated by S. Bowman in 2010 [31]. They
could extract an average output power of 500 W out of a Yb:YAG rod laser while
the heat generation could be reduced less than 0.01% using radiation-balancing.
Since the first report of radiation-balancing by S. Bowman and his group, there has
been several attempts for implementing radiation-balancing in different lasers such
as disk lasers [32]. But, no detailed study has been done on the implementation of
radiation-balancing in the fiber lasers and amplifiers.
In the next chapters, we will discuss different issues from the developed equations
and available materials of the choice for potential application of radiation-balancing
in fiber lasers and amplifiers.

1.3

IPG technology

As it was mentioned before, the power-scaling in fiber amplifiers has been constantly
made progress over the last two decades due to the diverse applications of fiber
amplifiers in both science and industry. In the beginning of the 20th century, IPG
photonics Corp. has made a name for itself by resolving some of the most important
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issues in power-scaling of the fiber amplifiers and reaching output powers beyond
10 kW. The progress has been made by some interesting strategies that as it will be
seen, mainly rely on the decrease of the quantum defect which resembles somewhat
radiation-balancing in terms of the reduction of the quantum defect [34].
There are a few problems regarding the power-scaling of fiber amplifiers such
as thermal issues, as explained before, and especially pumping scheme. To achieve
higher output powers in fiber amplifiers naturally, higher pump power is needed;
hence, a more efficient pumping mechanism is unavoidable. Traditionally, diode
lasers have been used for pumping fiber amplifiers. But diode lasers suffer from low
brightness which is a determining factor in mode-matching of the pump power coupling into the inner-cladding of DC fiber amplifiers. If we assume that the irradiance
or brightness of a diode laser is Ipump = W/(µm2 − steradian), then the maximum
coupling power into the DC fiber amplifier takes the following form:
Pp = Ipump (πb2 )(πN A2 ).

(1.51)

where N A is the Numerical Aperture of the inner cladding and, Ipump , at most, lies
around Ipump = 0.021 W/(µm2 − steradian) [22].
Now, there are two possibilities for us to increase the coupling power into the DC
fiber amplifiers. The first possibility is to increase the diode laser irradiance (Ipump )
and, the second one is to increase the inner cladding radius (b) too. The second
possibility is not a good strategy because it leads to a smaller absorption coefficient,
α = Γα0 , where Γ = (a/b)2 . However, the increase of the diode laser brightness
cannot catch up with the demands for higher output powers in fiber amplifiers. But
as it will be shown, the IPG technology seems to be able to resolve the pumping
power issues using an interesting idea.
Figure 1.17 describes the schematic of a 10 kW IPG fiber amplifier. The first part
of the amplifier (from left of the schematic) consists of a master oscillator which is a
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fiber bragg laser. The master oscillator consists of a set of fiber brag gratings that
makes the laser lases at λseed = 1070 nm with an average power of Pseed = 1 kW.
The seed power from the master oscillator is coupled into the DC fiber main part
to be amplified. This is where the the IPG fiber amplifier differs from typical fiber
amplifiers. To amplify the seed power, the IPG fiber amplifier first of all, benefits
from a set of single-mode fiber lasers rather than a set of diode lasers and secondly,
they operate at λp = 1018 nm rather than λp = 976 nm.
The general advantage of single-mode fiber lasers is their considerable higher
brightness compared to the diode lasers. Using the single-mode fiber lasers, the
brightness of the pumping scheme increases nearly more than two orders of magnitude; meaning that one can exceed from a maximum power of 30 W from multi-mode
diode lasers with a core diameter of 105 µm at 976 nm and go up to 270 W using
single-mode fiber lasers [34]. Based on Eq. 1.51, due to the huge increase of the
brightness, the inner-cladding size of the DC fiber amplifier can decrease and consequently, results in a higher Γ or absorption coefficient.
The second advantage of the fiber amplifier is its pumping scheme operating at
1018 nm. Although the absorption cross section at this wavelength is much smaller
than that of 976 nm (See Fig. 2.6), the increase of the absorption coefficient can
compensate for that. But the important consequence of this operating wavelength
is that now the quantum defect (1 − 1018/1070 ≈ 5 %), is decreased nearly twice
(1 − 976/1070 ≈ 9 %). Hence, the thermal power thresholds substantially increase.
Using the mentioned technique, the IPG could achieve an output power as big
as 10 kW which is the the maximum power reported so far for fiber amplifiers. As
it was discussed, part of the achievement is related to the substantial decrease of
the quantum defect. It is speculated that the technique can achieve potentially an
output power of 20 kW or 30 kW [34].
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10 kW

1 kW
Master Oscillator
FBG, HR
FBG, OC

2.5 m

High Power
Output Connector

57/1 Pump
Combiner
Pump LD

Pump LD

Length
15 m
Core diameter 30 𝝁𝒎
Eft Mode Area 700 𝝁𝒎𝟐

𝟒𝟕 × 𝟐𝟕𝟎 𝑾, 𝟏𝟎𝟏𝟖 𝒏𝒎
SM Fiber Laser Pumps

Figure 1.17: Schematic of the 10 kW IPG fiber amplifier. The fiber amplifier includes
a master oscillator with λseed = 1075 nm, Pseed = 1 kW and a Yb-doped DC fiber.
For pumping the Yb DC fiber amplifier, a power-combiner (57/1) is coupled to 47
single-mode power fiber lasers with an average power of 270 W and λp = 1018 nm
for each laser.

Suffice to say that in this chapter we have assumed that laser cooling is
possible in Yb-doped silica glass while so far no laser cooling observation
has been reported in the Yb-doped silica. The very issue will be discussed
in detail in the chapters (II and III). No need to say that the silica glass
is the most reliable host material for optical fibers.
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Chapter 2
Materials of choice for radiation
balancing in fiber lasers and
amplifiers
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2.1

Introduction

Depending on the laser or amplifier, the gain medium changes. Solid-state lasers usually benefit from doped-crystals due to several reasons such as higher optical damage
threshold and ion-solubility. Different crystals as the gain media have been examined over the past few decades including Yb:YAG (Yttrium Aluminum Garnet) and
Ti:Sapphire (α-Al2 O3 ). However, the story is different in fiber lasers and amplifiers
in the sense that, due to much longer length needed in fiber lasers and amplifiers for
signal amplification, the host material cannot be a crystal. The best option available
for the optical fibers basically is glass because it greatly increases the flexibility in a
mechanical sense [22].
The idea of optical fiber has been around since the first years of the 20th century, but the necessity of a low loss global communication system encouraged many
to study different materials and media in recent years. Shortly after the first implementation of optical fibers in communication systems for research purposes, the data
from optical fibers commonly exhibited light loss as large as 103 dB/km and even
more at the transmission wavelength. In the 1960s at Standard Telecommunication
Laboratories, Kao and his co-workers realized that the high-loss of existing fiber optics originated from impurities in glass, rather than from any complicated physics
happening in the optical fibers. In 1965, Charles K. Kao and George A. Hockham
showed that the attenuation in optical fibers could be reduced below 20 dB/km.
These optical fiber was first made by Corning Glass Works. The optical fiber was
made from silica and titanium which exhibited a loss of 17 dB/km. Nowadays optical
fibers exhibit a fiber loss as low as 0.2 dB/km in the mid-IR (Communication band,
1.55 µm) which is very close to the minimum loss originating from Rayleigh scattering
in silica glass. Silica (SiO2 ) is the best glass that could be used for several optical
fibers due to several reasons such as a very high physical and chemical stability and
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its compatibility with silicon-based systems that was the backbone of the repeater
and other parts of communication systems [18].
Interestingly, the rise of high power lasers and amplifiers was related to the implementation of fiber optics in communication systems. Even with the low loss in
optical fibers, the signal amplitude still needed to be amplified after a certain distance. The amplification was periodically done using a set of repeaters or amplifiers.
The best option available in the communication band was Er-doped silica fiber as
the fiber amplifier. The idea of the high-power fiber amplifier was developed later as
explained extensively in Chapter I.
Over the past two decades, different materials have been under investigation
as the host-material for optical fibers. Generally speaking, silica glass is the most
reliable material by far in terms of different measures that will be covered later in
the chapter. Depending on the applications, some other glasses also can be more
efficient.
Fluoride fibers are also an option that can be beneficial in some applications.
The optical fibers basically are made from fluoride glasses, e.g. fluoroaluminate or
fluorozirconate glasses. The glasses usually consist of heavy metals such as zirconium
(Zr) or lead (Pb). ZrF4 is the major component of the fluorozirconate fibers. ZBLAN
glass (ZrF4 -BaF2 -LaF3 -AlF3 -NaF) is the most common among fluoride fibers. Such
fibers can be doped with different rare-earth ions for different applications in fiber
lasers and amplifiers [35].
The heavy metals used in the Fluoride fibers bestow some interesting features:
i) Very low phonon energy that makes them very special for applications such as
laser cooling.
ii) Much better optical transparency in mid-IR (2 µm) than silica glass.
iii) Higher concentration quenching (Nc ) than silica glass, which is an important
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factor in laser cooling and will be covered later on.
However, the high cost and low chemical stability of the fluoride fibers due to their
hygroscopic nature of the fluoride fibers leads to a limited device lifetime ( because
of the steady increase of the absorption coefficient by infusion of water, OH− ) and
low physical stability (high fragility, low glass transition temperature Tg and low
opt
optical damage threshold (Ith
)) have limited the potential applications of fluoride

glasses [35].
In contrast to fluoride glasses, silica glass benefits from high chemical and physical
stability and has a very low loss in the communication band. However, low quenching
concentration of silica glass is a big problem that can be partially resolved using some
modifiers like Al or P [33,36,37]. The excellent physical and chemical stability of silica
glass has made it the best candidate in the fiber technology. Therefore, the main
focus of radiation-balancing in fiber lasers and amplifiers should be on the possibility
of laser cooling in the doped-silica glass as the backbone of radiation-balancing.
Table 2.1 denotes some of the most important features of silica and ZBLAN
glasses [20, 33, 35].
Table 2.1: Typical values of transition temperature (Tg ), optical damage threshold (Iopt
th ), radiative (τr ) and non-radiative (τnr ), quenching concentration density
(Nc ), and background absorption coefficient of pure silica and ZBLAN glasses are
described, (The upper value denoted for the silica quenching concentration density
is for the case where modifiers are used.) [20, 22, 33, 35].

Host

Tg (K)

Nc (1025 m−3 )

τr (ms) τnr (s)

silica

1448

7 − 70

0.6

108

1.8

4

ZBLAN

533

2

4.0 × 10

10

opt
Ith
(W/m2 )

αb (dB/km)

4.6 × 1012

5 − 10

12

0.11 × 10

10 − 20

The remainder of the chapter is devoted to the reported spectroscopic investiga-
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tion of the ZBLAN and silica glasses. Through spectroscopic investigations we will
study the possibility of laser cooling in silica glass.

2.2

Spectroscopic investigation for possibility of
laser cooling

The investigation of solid-state optical refrigeration can be done either directly or
indirectly. In a direct investigation, the material is exposed to a laser in a thermally
isolated setup, often in a sophisticated vacuum environment, and its temperature
is measured directly by a thermal camera or similar methods [38]. In an indirect
method, the spectroscopic properties of materials at different temperatures are measured to evaluate the possibility of solid-state optical refrigeration considering some
of its important features such as internal quantum efficiency [39]. In this section,
we use the indirect method to argue for the potential of high-quality Yb-doped silica glass for solid-state optical refrigeration and radiation-balancing in lasers and
amplifiers.
In order to characterize the cooling potential of Yb-doped silica glass, we use the
cooling efficiency ηc described by
Q
λp
= ηq ηabs (λp , T )
− 1.
pabs
λf (T )

(2.1)

Wtot = Wr + Wnr ,

(2.2)

αr (λp , T )
,
αr (λp , T ) + αb

(2.3)

ηc (λp , T ) = −
And
ηq =

Wr
,
Wtot

ηabs (λp , T ) =

where Wr , Wnr , and Wtot are radiative, non-radiative, and total decay rates of the
excited state, respectively. Note that αb does not contain the attenuation due to
scattering. Because the scattering process does not lead to heating of the material.
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In order to achieve net solid-state optical refrigeration, it is necessary for the
cooling efficiency to be positive. Therefore, we must show that ηc > 0 is attainable
over a range of λp and T values. It can be seen from Eq. 2.1 that because λp and
λf are often very close to each other in solid-state optical refrigeration schemes, the
internal quantum efficiency ηq has to be close to unity (ηq ≈ 1). There are two main
processes that lower the internal quantum efficiency: the multi-phonon non-radiative
relaxation and the concentration quenching effect.
We will argue that the multi-phonon non-radiative relaxation is negligible in both
Yb-doped silica and ZBLAN glasses and the concentration quenching process can be
prevented if the Yb ion density is kept lower than the characteristic Yb ion quenching
concentration.
In order to evaluate the absorption efficiency ηabs , we need to know the background absorption (αb ) and resonant absorption (αr ) coefficients. For the background
absorption coefficient in Yb-doped silica glass, we will use typical values reported in
the literature. By capturing the power spectral density of a Yb-doped silica optical
fiber from its side at different temperatures, S(λ, T ), we can also obtain the resonant
absorption coefficient (αr ) as well as the mean fluorescence wavelength (λf ). Therefore, we will have all the necessary parameters in Eq. 2.1; using this information we
will estimate the cooling efficiency and show that solid-state optical refrigeration is
feasible in Yb-doped silica glass. We will also discuss the results of spectroscopic investigations of Yb-doped ZBLAN glass and laser cooling in Yb-doped ZBLAN glass
which were performed by other groups.

2.2.1

Internal quantum efficiency of Yb-doped silica

The internal quantum efficiency is the fraction of the radiative decay versus the total
decay of an excited state in a medium; therefore, the presence of non-radiative decay
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channels characterized by the non-radiative decay rate Wnr in Eq. 2.2 are responsible
for decreasing ηq below unity. The non-radiative decay channels in a typical Ybdoped silica glass can be broken down according to the following equation:
Wnr = Wmp + WOH− + WYb +

X

WTM +

TM

X

WRE .

(2.4)

RE

The partial non-radiative decay channels are as follows: Wmp represents the multiphonon decay of the Yb excited state, WOH− accounts for non-radiative decay of
the Yb excited state via the high-energy vibrational modes of OH− impurities, WYb
accounts for non-radiative decay in Yb ion clusters, and WTM and WRE represent
non-radiative decay due to interactions of the excited state with various transitionmetal and rare-earth ion impurities, respectively.
In the following, we will discuss the various non-radiative decay channels in Eq. 2.4
and show that they can be made sufficiently small to allow for a near-unity internal
quantum efficiency value (ηq ≈ 1). We first begin with the multi-phonon relaxation
that originates from the coupling of the excited state with the vibrational wavefunctions of the ground state. Using the energy-gap law [33, 39], we can calculate the
decay rate from
Wmp = W0 e−αh (Eg −2Ep ) ,

(2.5)

where Ep is the maximum phonon energy of the host material, and Eg is the energy
gap of the dopant ion (Yb). W0 and αh are phenomenological parameters, whose
values strongly depend on the host-material [33].
Figure 2.1 shows the multi-phonon non-radiative decay rates of silica and ZBLAN
glasses versus the energy gaps of the doped ions at T = 300 K, using the parameters
shown in Table 2.2.
The vertical solid line in Fig. 2.1 marks the energy gap of a Yb3+ ion. It is
silica
evident that for Yb-doped silica glass, the non-radiative decay rate is around Wmp
≈
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Figure 2.1: Multi-phonon non-radiative decay rate (Wmp ) of Yb-doped ZBLAN and
silica glasses versus energy gap (Eg ) calculated from Eq. 2.5 and the parameters
listed in Table 2.2.
Table 2.2: Parameters related to Eq. 2.5 and Fig. 2.1 for silica and ZBLAN
glasses [39–41].

Host

W0 (s−1 )

αh (cm)

Ep (cm−1 )

silica

7.8 × 107

4.7 × 10−3

1.10 × 103

ZBLAN

1.7 × 104

2.1 × 10−3

0.58 × 103

10−8 s−1 , which is much smaller than the Yb-doped ZBLAN glass multi-phonon
ZBLAN
≈ 10−4 s−1 . This comparison suggests that with respect to Yb
decay rate Wmp

multi-phonon relaxation, silica glass is a more suitable choice for solid-state optical
refrigeration than ZBLAN glass.
Considering the advances in materials synthesis of fiber preforms, the term WOH−
in Eq. 2.4 can be made very small (see e.g. dry fiber technology [42]); therefore, it
can be neglected [43]. It has also been shown by Auzel et al. [44] that the total
effect of the last three terms in Eq. 2.4, WYb + ΣWTM + ΣWRE , can be described
by a phenomenological equation based on a limited diffusion process, modeled as a
non-radiative dipole-dipole interaction between the ions and impurities [44, 45].
The phenomenological model is based on the assumption that the dipole-dipole
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interaction between two neighboring ions can be described by a non-linear rate equation as follows, Wqc = KN 2 , where Wqc = WYb + ΣWTM + ΣWRE represents the selfquenching non-radiative decay rate. The heuristic assumption he made here is that
all the different ions such as transition metals or rear-earth ions have the same probability. Finally based on Dexter’s non-radiative transfer theory, the non-radiative
mechanism originating from self-quenching takes the form of K = (9/2πNc2 )Wr .
Here, Nc = (3/4π)Rc−3 is the critical quenching concentration and Rc as it is shown
in Fig. 2.2, is the critical distance below which the possibility of non-radiative interaction or self-quenching increases appreciably [44].
Now assuming that we have WF = Wr + Wcq and (Wmp  Wr , Wcq ), then
the following equation will describe the internal quantum efficiency or fluorescence
quenching
ηq =

τF
1
.
=
9 N 2
τr
1 + 2π ( Nc )

(2.6)

As it is obvious from Eq. 2.6, the self-quenching process can be prevented if the
Yb ion density is lower than the critical quenching concentration (N  Nc ). It is
also important to mention that the critical quenching concentration is generally a
sample specific quantity, i.e. it would be higher for lower impurity concentrations.
For a Yb ion density smaller than the critical quenching concentration, the internal quantum efficiency can approach ηq ≈ 1 [44–46]. It must be noted that an
internal quantum efficiency of ηq = 0.95 is reported in [47] for Yb-doped silica, which
is consistent with our claim that Wnr can be made quite small in Yb-doped silica.
Note that Eq. 2.6 does not describe the effect of re-absorption or radiation trapping on the internal quantum efficiency. Considering the effect of re-absorption, the
modified fluorescence lifetime would be τf = τr (1 + σtr N lef f ) where σtr is transition
cross section, and lef f is effective absorption length [44]. The following equation then
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Figure 2.2: A concise schematic of self-quenching process. Rc is the critical distance.
Here, red circles represent the Yb ions in the excited levels. Through an up-conversion
process, one of the Yb ions gets excited and another one radiatively relaxes down.
The excited Yb ion, due to self-quenching process, non-radiatively decays down.

expresses the external quantum efficiency in the presence of re-absorption
ηext =

(1 + σtr N lef f )
τf
=
.
9 N 2
τr
( Nc )
1 + 2π

(2.7)

It can be shown that in thin samples the term, σtr N lef f << 1, becomes negligible and the external quantum efficiency approaches the internal quantum efficiency,
ηext ≈ ηq , as this is the case in optical fiber due to its small cross-sectional area [48].

2.2.2

Spectroscopic investigation of a single mode Ybdoped silica fiber

In order to calculate the cooling efficiency, we still need to obtain the resonant
absorption coefficient and the mean fluorescence wavelength, both of which can be
obtained from a spectroscopic investigation. The resonant absorption coefficient
is used in conjunction with Eq. 2.3 to determine the absorption efficiency. The
setup implemented in our experiment consists of a single-mode Yb-doped silica fiber
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Figure 2.3: The experimental setup is shown. A Ti:sapphire laser at λp = 900 nm
is used to pump a single-mode Yb-doped silica fiber using a 20 X objective lens.
The fiber is placed on a plate the temperature of which is varied from nearly 180 up
to 360 K. The temperature of the plate is measured by a temperature sensor. The
fluorescence of the Yb-doped silica fiber is captured by a multimode fiber from the
side of the Yb-doped silica fiber and is sent to an optical-spectrum analyzer (OSA).

(DF-1100, from Newport Corporation) that is pumped by a Ti:Sapphire laser at
λ = 900 nm. The fiber is mounted on a plate whose temperature is changed from
nearly 180 K up to 360 K. The fluorescence of the Yb-doped silica fiber is captured
by a multimode fiber from the side of the Yb-doped silica fiber and is sent to an
Optical Spectrum Analyzer.
Figure. 2.4 shows the measured fluorescence spectra (power spectral density
S(λ, T )), normalized to their peak values at λpeak ≈ 976 nm, at different temperatures.
By inserting the measured fluorescence spectra into Eq. 1.34 and considering
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Figure 2.4: Measured peak normalized emission spectra of DF-1100 Yb-doped silica
fiber (from Nufern Inc.) at different temperatures.

∆ ∈ {905nm, 1150nm}, the dependence of the mean fluorescence wavelength on
temperature is obtained. The mean fluorescence wavelength follows approximately
the following function:
λf (T ) ≈ 999 (nm) + b × T −1 ,

b = 2735 ± 31nm/K.

(2.8)

This behavior at temperatures above 245 K to 360 K is nearly linear, which is
similar to that reported in other host materials, such as ZBLAN [39, 49].
To calculate the the resonant absorption coefficient αr , we first calculate the emission cross section σe , and then use the McCumber relation to obtain the absorption
cross section σa and then the resonant absorption coefficient αr [50–52]. The emission cross section is obtained from the measured fluorescence power spectral density
S(λ, T ) via the Füchtbauer-Ladenburg equation [52, 53]:
σe (λ, T ) =

S(λ, T )
λ5
×R
,
2
8 π n c τr (T )
λ S(λ, T )dλ
∆

(2.9)

where n is the refractive index of the fiber core and, c is the speed of light in vacuum.
To calculate the emission cross section using Eq. 2.9, the radiative lifetime at
each temperature needs to be measured. In high-quality samples for which the
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non-radiative decay rates are negligible compared to the radiative decay rates, the
fluorescence lifetimes are comparable to the radiative lifetimes (τf ≈ τr ); therefore,
we measured the fluorescence lifetimes at different temperatures from the side of the
fiber [54].

Figure 2.5: Schematic of implemented setup for the fluorescence lifetime measurement at different temperatures. The pump light is chopped by a chopper and then
sent into a Yb-doped silica fiber. The fluorescence lifetime is measured by a photodiode.

Figure 2.5 represents the schematic of the set-up implemented for the fluorescence
lifetime measurement at different temperatures. First the chopper chops a CW
(Continues Wave) laser light (λp = 976 nm) and then the CW light is split by
a 50/50 beam splitter. The set-up consists of two different photo-diode detectors
connected to an oscilloscope; one serves to record the reference pulse and the second
one records the fluorescence lifetime. A long-pass filter also is used to filter out the
scattering of the pump light.
Using this assumption, the emission cross sections at different temperatures were
calculated and are shown in Fig. 2.6. The absorption cross sections can be readily
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obtained using the McCumber relation:
σa (λ, T ) = σe (λ, T ) × Z(λ, T ),


hc 1
1
( − ) ,
Z(λ, T ) = exp
kB T λ λ0

(2.10)

where λ0 = 976 nm is the wavelength corresponding to the zero-phonon line energy [51, 55, 56].

Figure 2.6: Emission cross section versus wavelength for DF-1000 Yb-doped silica
fiber at different temperatures. The spectra were calculated from Eq. 2.9 using the
emission spectra shown in Fig. 2.4 and the measured radiative lifetimes which are
also shown later in Fig. ??.

The resonant absorption coefficient can be calculated from σa (λ, T ) in Eq. 2.10
(and Fig. 2.6) using
αr (λ, T ) = σa (λ, T ) × N.

(2.11)

Here, we will assume a typical Yb ion density of N = 5 × 1025 m−3 . We now
have all the necessary ingredients to calculate the cooling efficiency ηc in Eq. 2.1. We
only need to provide a value for the background absorption coefficient in Eq. 2.3 to
determine the absorption efficiency ηabs .
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Here, we take the background absorption coefficient to be αb = 10 dB/km ≈
2.3 × 10−3 /m, which is a typical value for commercial grade Yb-doped silica fibers.
Using this information, we present a contour plot of the cooling efficiency ηc in Fig. 2.7
as a function of the pump wavelength and temperature, assuming that ηq = 1. Note
that we only know the values of αr (λ, T ) at discrete values of temperature T for
which our measurements were performed in Fig. 2.4; the density plot in Fig. 2.7 is
an interpolation of the measured values.
It is seen in Fig. 2.7 that with a decrease in temperature, the cooling efficiency
decreases; this behavior is due to the red-shift of the mean fluorescence wavelength
and the decrease in the resonant absorption coefficient with decreasing temperature [39, 57].

Figure 2.7: Cooling efficiency versus temperature and pump wavelength with ηq = 1
and αb = 10 dB/km for DF-1100 Yb-doped silica fiber calculated from Eq. 2.1.
The dashed line connects the experimental measurements of the mean fluorescence
wavelength versus the temperature.

In practice, it is impossible to achieve an internal quantum efficiency of unity;
therefore, in Fig. 2.8 we investigate the effect of a non-ideal internal quantum efficiency on the cooling efficiency, for λp = 1030 nm, as a function of the temperature.
The discrete points in Fig. 2.8 signify the values of ηc obtained for the assumed ηq
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at the particular measured temperatures reported in Fig. 2.4. The apparent difference between the cooling efficiency obtained for ηq = 1 versus ηq = 0.98 highlights the
importance of having a high-quality glass for radiative cooling. While the discrete
points in Fig. 2.8 reveal the main expected behavior of ηc versus the temperature,
it is helpful to estimate the minimum achievable temperature for solid-state optical
refrigeration in Yb-doped silica glass, subject to the assumptions made about ηq , N ,
and αb .
In order to do so, we next present an analytical fitting to the discrete points in
Fig. 2.8 that can be used to estimate the minimum achievable temperature. The
analytical fitting, which is described in the next paragraph, is used in conjunction
with Eq. 2.1 to plot the colored lines for each value of ηq in Fig. 2.8 and is in
reasonable agreement with the experimentally measured discrete data.

Figure 2.8: Cooling efficiency for different values of quantum efficiency versus temperature with αb = 10 dB/km for DF-1100 Yb-doped silica fiber calculated from
Eq. 2.1 for different internal quantum efficiencies, ηq . The colored lines are plotted
using Eq. 2.1 and the fitting presented in Eq. 2.16.

From the discussions above and Eqs. 2.9, 2.10, and 2.11, we note that αr (λp , T )
(at the pump wavelength) can be expressed as:
αr (λp , T ) ∝

1 λ5p
S(λp , T )
×R
× Z(λp , T ).
c τr (T )
λ S(λ, T )dλ
∆
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(2.12)

As it was mentioned before, we have performed the fluorescence lifetime measurements at different temperatures. Figure 2.9 implies the recorded fluorescence lifetime
of the used Yb-doped silica fiber. As it is obvious, as the temperature goes down,
the fluorescence lifetime increases which originates from the fact that the population
in the upper level tends to occupy the lower energy levels. The phenomenon can be
modeled as follows [58],
N6 = N5 e

−( kδET )
B

dN6
= −p6 N6 ,
dt
dNu
= −pNu ,
dt

dN5
= −p5 N5 ,
dt
Nu = N5 + N6 ,

(2.13)

where δE is the energy difference between two upper levels, N5 and N6 are the
populations in levels E5 and E6 , respectively, p5 , p6 are the decay rates of E5 and E6
levels, respectively, p is total decay rate of the upper level, and, Nu is total population
of the upper level.
After some simple calculations, Eq. 2.13 translates into the following equation
τr (T ) =

1 + exp(−δE/kb T )
.
+ τ2−1 exp(−δE/kb T )

(2.14)

τ1−1

where p = 1/τr , p5 = 1/τ1 and p6 = 1/τ2 .
The recorded data based on the fitting to Eq. 2.14 gives us τ1 = 798 ± 2 µs, and
τ2 = 576 ± 27 µs are the lifetimes of the first and second energy levels of the excited
state, respectively, and δE = 506 ± 56 cm−1 is the energy difference between these
two levels [52, 58].
We also present the following approximation:
λ2 S(λp , T )
R p
≈ 7.4 +
λ S(λ, T )dλ
∆

 5
d
,
T

d = 205.9 ± 2.4 K.
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(2.15)

Figure 2.9: (a) The blue dots represent the recorded fluorescence lifetime of the
implemented Yb-doped silica fiber at different temperatures. The calculated error of
each measurement is also depicted by a blue bar. The black line describes the fitting
of the measured data to the developed model in Eq. 2.14, (b) the energy manifold of
Yb ion.

Using Eqs. 2.14 and 2.15, we can approximate αr (λp , T ) [Eq. 2.12] with the following mathematical form:


αr,0
5
× 7.4 + (d/T ) × Z(λp , T ).
αr (λp , T ) ≈
c τr (T )

(2.16)

Fitting the analytical in Eq. 2.16 to the discrete points in Fig. 2.8, we find the
dimensionless coefficient αr,0 = (0.95 ± 0.01) × 106 . The fitted lines in Fig. 2.8
show that the minimum achievable temperature can reach down to Tmin = 138 K
for ηq = 1, Tmin = 175 K for ηq = 0.99, and Tmin = 290 K for ηq = 0.98.
Figure 2.8 also shows that the maximum cooling efficiency for Yb-silica glass is
around ηcmax ≈2% at room temperature for λp = 1030 nm. Setting the background
absorption to zero (αb = 0) increases this value to ηcmax ≈2.2%.
In order to increase the cooling efficiency, the background absorption must be
minimized, the internal quantum efficiency has to be close to unity, and the ion
dopant density N must be increased to enhance the resonant absorption coefficient.
We note that these requirements are not necessarily compatible with each other; e.g.
increasing N can potentially decrease ηq due to quenching. Therefore, a compromise
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determined by careful measurements must be obtained.
It must be emphasized that by taking N = 5×1025 m−3 in the study, we have implicitly assumed that the silica glass host is co-doped with some modifiers like Al2 O3 ,
in order to shift the quenching concentration to higher values to reduce clustering
and ensure an adequate cooling efficiency [36, 37].

2.3

Solubility of dopant ions in silica glass

It has long been known that the ion solubility in silica is one the worst among
different glasses. The low ion solubility in silica glass is its Achilles heel. Because,
no matter how resilient silica glass is, if enough signal gain in a reasonable length
of the fiber amplifier cannot be achieved, then there is no point in using the silica
glass. Needless to say that generally, with the increase of the ion concentration, the
signal gain in any gain medium increases. It is also important to mention that the
issue of the ion solubility as it was discussed in Chapter I, is of crucial importance
in anti-Stokes fluorescence cooling.
It was just mentioned that an ion density of N = 5 × 1025 m−3 was considered
for silica glass even in the presence of modifiers that is nearly 10 times smaller than
that of ZBLAN glass. Here, in the section, we investigate the ion solubility in silica
glass and compare the cooling efficiency of silica and ZBLAN glasses.
We first start with pure silica. By pure silica, we mean that it is pure silica
(SiO2 ) and there are no other elements such as Al or P in it. Here, we need a set of
experimental data from which we can extract the critical quenching concentration of
pure silica (Ncsilica ). As it was mentioned earlier, the best measure of the ion solubility
in any material is the critical quenching concentration. In search for such a set of
data, we came across a paper published by P. Barua et al on the fluorescence lifetime
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quenching in pure silica [43].
Figure 2.10 shows the fluorescence lifetime quenching for pure Yb-doped silica
versus Yb concentration extracted from Ref [43]. As it is obvious with the increase
of Yb concentration, the fluorescence lifetime first increases (that is counter-intuitive)
and then it keeps decreasing as expected due to higher possibility of non-radiative
interaction in a constant volume. The peak of the fluorescence lifetime in Fig. 2.10
is rooted in the term that shows up in the numerator of Eq. 2.7 which indicates the
re-absorption in the material.
Fitting the data presented in Fig. 2.10 to Eq. 2.7, we can obtain the required
terms such as σtr lef f = 0.6, τr = 0.6 ms and, Nc = 6 × 1025 m−3 or Nc = 0.78 wt %.
Finally after normalizing Eq. 2.7 to the re-absorption coefficient, we have obtained
the internal quantum efficiency as a function of Yb concentration (N) that is depicted
in Fig. 2.11. As it is obvious now with the increase of the ion density (N), the internal
quantum efficiency monotonically decreases.

Figure 2.10: Extracted measured fluorescence lifetime of Yb-doped silica glass versus
Yb concentration from Ref [43]. The red line represents the fitting based on Eq. 2.7
and the blue dots represent the extracted data from Ref [43].

The red line in Fig. 2.11 denotes the minimum value of internal quantum efficiency
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required for laser cooling and normally is set to be ηq,min = 0.98 which is equivalent
to a Yb density of Nmax = 0.6 × 1025 or Nmax = 0.08 wt % based on our fitting.
Generally, for N  Nmax , a high enough internal quantum efficiency (ηq  ηq,min )
is feasible in pure Yb-doped silica. For example, N = 0.7 × 1025 m−3 can guarantee
a near unity internal quantum efficiency [36,37]. Note that the extracted ion density
(Nmax ) might change, not appreciably, from sample to sample.

Figure 2.11: The blue line describes the internal quantum efficiency (ηq = τF /τr ) of
the investigated pure silica [43]. The red line marks the minimum internal quantum
efficiency required for laser cooling, ηq = 0.98.

The results from the fitting illustrate how small the ion solubility in pure silica
is. In other words, to be able to realize laser cooling in the pure silica, the Yb ion
concentration should be kept below 0.1 wt % which is very low compared to other
glasses such as ZBLAN glass. In some crystals the ion solubility can be around
Nmax = 10 mol %.
The very low ion solubility in pure silica can be increased nearly 10 times using
some modifiers like Al as it was mentioned before. As it is obvious from Fig. 2.12,
generally, the modifiers reside between the Yb ions and alter the charge distribution
of the silica network in such a way that the charge uniformity and symmetry substantially decreases; therefore, due to lower dipole strength now, the dipole-dipole
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non-radiative interaction between the ions substantially decreases which results in
larger critical distance (Rc ). The impact of the modifiers on the self-quenching concentration can be understood by assuming that they shift the critical quenching
concentration (Nc0 ) to the higher values. The topic will be covered in detail in the
next few pages [59].
In Yb-doped silica glass, one can effectively increase the low critical quenching
concentration of pure silica ten times (Nc0 → 10 Ncsilica ) by using modifiers such as
Al, P, Ce etc [36, 37]. Hence, using modifiers the critical quenching concentration
of Yb in silica can reach Nc0 = 1.0 wt % which is still much smaller than that of
ZBLAN glass. The argument clearly shows that for laser cooling, the silica glass is
not a good choice due to its low ion solubility that leads to lower cooling efficiency
as it will be covered fully a few later on.
To prove our statement regarding the low cooling efficiency of pure silica, using
N = 0.7 × 1025 m−3 in pure silica, we have calculated the minimum achievable temperature to be Tmin = 216 K for ηq = 1, and Tmin = 262 K for ηq = 0.99. For
ηq = 0.98, Tmin is higher than room temperature. As expected, a decrease in ion
density results in a lower cooling efficiency.
Due to the rigid three-dimensional structure of silica glass, the coordination number of the doped-rare-earth ions cannot be well satisfied. Hence, the doped-rare-earth
ions have a natural tendency to form clusters to share their Non-Bridging Oxygens
(NBOs). Consequently, their coordination requirement is better satisfied [59]. However, It is believed that the low solubility of rare-earth ions and the clustering phenomenon is unique to silica glass, since it does not exist in multicomponent silicate
glasses, phosphate glasses, fluoride glasses, or oxyfluoride glasses [59]. The rare-earth
clustering in silica glass is caused by the high field strength of rare-earth ions and
naturally gives rise to the strong tendency that causes NBOs to surround the rareearth ions. In a rigid network structure, like silica glass, the requirement of NBO
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Figure 2.12: Schematic diagrams of self-quenching process. The blue and red spheres
are the Yb ions and modifiers (Al, P, etc), respectively. (a) when the ion concentration is much smaller than the critical quenching concentration, N  Nc . (b) the
self-quenching is pronounced, N ≈ Nc , (c) Less non-radiative interactions due to the
presence of modifiers between the Yb ions. Using modifiers the critical quenching
concentration will shift to higher values, N ≈ Nc  Nc0 . The springs connecting the
ions together describe the strength of the non-radiative interactions between the Yb
ions. The blacker the springs, the stronger the non-radiative interactions are.

coordination cannot be satisfied; therefore, the rare-earth ions form clusters share
the NBOs. This tendency is also manifested by the large immiscibility dome at the
high silica side in a rare-earth oxide-silica binary phase diagram [59].
In other words, the modifiers break up the tight network of SiO4 (silica) tetrahedra
and not only create more space for dopants, but also NBOs (unbonded corners of SiO4
tetrahedra), that are negatively charged, can coordinate with a positively charged
dopant like Yb3+ . This creates a larger number of potential bonding sites for dopants
and thus reduces clustering.
Co-doping with modifiers as mentioned before, is found to allow higher doping
level of rare-earth ions in silica glass without sacrificing the optical properties. This
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was explained by the declustering effect of the co-dopants due to the formation of
solvation shells around the rare-earth ions. In other words, the increase of the ion
solubility or quenching concentration density (Nc ) by modifiers in the silica glass can
also be explained by Auzel’s model.
For example, the addition of Al2 O3 to silica, opens the silica network structure,
and changes its charge distribution. It can be shown that with the increase of the
modifiers density, the symmetry and uniformity of the charge distribution of the
rare-earth ions substantially increas. Hence, the strength of the dipole moments of
the rare-earth ions drops substantially due to the charge uniformity [59]. Having said
that, based on the phenomenological equation developed by Auzel which works based
on dipole-dipole interaction, now in the presence of modifiers, the dipole strength has
dropped substantially and therefore, we should expect a much lower non-radiative
dipole-dipole interaction rate by self-quenching concentration [44, 59].

2.4

Laser cooling efficiency of Yb-doped ZBLAN
and silica glasses

So far we have talked about the feasibility of laser cooling in Yb-doped silica glass.
Our results suggest that laser cooling is possible in pure Yb-doped silica. However,
although laser cooling has not been observed in Yb-doped silica so far, Yb-doped
ZBLAN has a long history of laser cooling. ZBLAN glass is also another candidate
that can be used as the host material in fiber lasers and amplifiers. The spectral
investigation shows that a minimum achievable temperature of Tmin ≈ 70 K can be
attained considering αb = 0.0 [39]. As expected, the minimum achievable temperature in ZBLAN glass is much larger than that of silica primarily due to much higher
ion solubility.
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In 2005, a minimum temperature drop of ∆T ≈ 92 K was observed in a 2 wt % Yb
ZBLAN glass by J.Thiede [60]. Hence, considering the long history of laser cooling in
ZBLAN glass, we do not need to delve into the possibility of laser cooling in ZBLAN
glass.
In this section, we have discussed two different candidates as the host-materials of
radiation -balanced fiber lasers and amplifiers; the candidates are silica and ZBLAN
glass. Considering the possibility of laser cooling in silica glass as it was shown in
detail, now we compare laser cooling efficiency (ηc ) of silica and ZBLAN glass.
In order to make a comparison between silica and ZBLAN glass, we start with
the net cooling power density considering the effect of self-quenching on the internal
quantum efficiency that is described by Eq. 2.6. Here for the sake of simplicity, we
also assume that Ip  Isat and αb  α0 . Finally, considering the assumptions, the
net cooling power density (Q) takes the following form:
h
λp i
Ip ,
Q(N0 ) = σa (λp )N 1 − ηq (N )
λf
1
ηq (N ) =
 2 ,
9
N
1 + 2π
Nc

(2.17)

The optimum cooling power density (Qopt ) will be obtained by
∂Q(N )
= 0,
∂N
9  N opt 2
=
2π Nc

λ
&
= 1 + t, →
λf


1 p
(t + 3)2 + 4t − (t + 3) ,
2

(2.18)

where considering the fact that in laser cooling t  1 and using (1 + t)n ≈ 1 + nt
and, O(t2 ) = 0, Eq. 2.18 will finally reduce to
 2π  21  λ
 12
opt
− 1 Nc .
N ≈
27
λf

(2.19)

It can be simply shown that in laser cooling regime, the optimum density would
be N opt ≈ 0.1 Nc which is consistent with the reported data [38].
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After inserting the optimum ion density (N opt ) into Eq. 2.17, the optimum cooling
power density is obtained as follows
Qopt

 8π  21 σ (λ)  (λ − λ ) 23 
a
f
=−
Nc Ip .
1
27
λ + 2λf
λ2

(2.20)

f

Equation 2.20 clearly shows that the optimum cooling power density is linearly
proportional to the critical quenching ion density (Nc ); meaning that if ion solubility
of a cooling material is larger, the material can have higher cooling power or can
go to lower temperatures. It clearly shows why the lowest recorded temperature
(Tmin = 91 K) in laser cooling was observed in a crystal (Yb:YLF, 10 mol%) rather
than in a glass [38].
Finally, to make a comparison between laser cooling efficiency of Yb-doped ZBLAN
and silica glasses, we need to have the critical quenching concentrations (Nc ) and
absorption cross sections (σa ) of the Yb-doped silica and ZBLAN glasses. Considering Ncsilica ≈ 6.0 × 1026 m−3 in the presence of modifiers (Al2 O3 ), NcZBLAN ≈
3.5 × 1027 m−3 , σasilica ≈ 5.0 × 10−26 m2 and, σaZBLAN ≈ 2.0 × 10−26 m2 , the calculations result in QZBLAN
≈ 2.3 Qsilica
opt
opt . It shows that the low solubility of silica glass
leads to a lower cooling efficiency than that of ZBLAN glass [33, 61].
Although we have shown that laser cooling efficiency of Yb-doped ZBLAN is two
times greater than that of silica glass, the importance of other features in the RBL
might still make silica glass a better candidate for radiation-balancing as we will
discuss it in the next chapters.
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Chapter 3
Laser cooling of silica glass
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3.1

Introduction

In the last chapter, we have shown that there is no a priori reason to refute laser
cooling of a cooling-grade Yb-doped silica glass. The conclusion was drawn by a
detailed investigation of key features of Yb-doped silica such as the internal quantum
efficiency etc. In this chapter, the primary focus is to investigate laser cooling of silica
glass by some direct measurements such as LITMoS and power laser cooling tests.
In particular, we will determine the wavelength dependence of the cooling efficiency
of our Yb-doped silica glass samples as a function of the pump laser wavelength to
observe their transition from heating to cooling regime.
As it will be shown in detail later on in the chapter, we obtained cooling-grade Ybdoped silica samples and successfully demonstrated laser cooling in several different
tests. But it might be interesting to say a few words about the cooling-grade Ybdoped silica samples. As it was explained in detail in chapter I, we know that the
signal gain and laser cooling efficiency normally do not go hand in hand; increase of
the signal gain in fiber amplifiers usually lowers the internal quantum efficiency due
to self-quenching process. Hence, obtaining a cooling-grade Yb-doped silica sample
fabricated for high-power fiber amplifiers is more like a magic unless someone reveals
the reasons behind it. Here, we try to explain our reasoning.
In search for a cooling-grade Yb-doped silica fiber, we came across a paper on
a high-power fiber amplifier from Fraunhofer IOF [26], in which a signal efficiency
of ηs = 0.9 was obtained. The high signal efficiency motivated us to extract its
internal quantum efficiency (ηq ). As we know the signal efficiency is a function of
different parameters as follows ηs = η0 ηc (λp /λs ) where η0 depends on the different
losses in the amplifier. Knowing that λp = 976 nm , λs = 1064 nm and ηs = 0.9
and considering a perfect amplifier where η0 = 1.0, one can simply get an internal
quantum efficiency of ηq = 0.985. The near-unity internal quantum efficiency was
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very interesting to us whereas normally the internal quantum efficiency of the fiber
amplifier is not that high due to the reasons mentioned before.
It turned out that the reason behind such a high internal quantum efficiency
relates to TMI. As mentioned earlier, to avoid TMI in high-power amplifiers, the
undesired loss has to be lowered. The most important unwanted loss mechanisms in
high-power fiber amplifiers are the photo-darkening loss (αpd ) and, less importantly,
the background loss (αb ). The former can be mitigated by reducing the ion density
which results in a decrease in self-quenching or increase of the internal quantum efficiency, the latter also can be mitigated by lowering impurities such as Fe [33,62–64].
Consideration of both mentioned points, the two strategies not only lead to a more
efficient high-power fiber amplifier, but can also make the fiber preform, made by
the two strategies, a good candidate for laser cooling.
As it will be shown in the next section, our Yb-doped silica samples fabricated
by Fraunhofer IOF demonstrate laser cooling.

3.2

Yb-doped silica preforms

For laser cooling experiments, we used three different samples of Yb-doped silica
glass optical fiber preforms. The preforms were made by our collaborators in Jena
Institute in Germany. We refer to these preforms as sample A, sample B, and sample
C. These preforms are Yb-doped only in the core and their characteristics are listed
in Table. 3.1.
The high-purity glasses were fabricated by modified chemical vapor deposition
(MCVD) technique. Yb-doping was performed by either the all-solution doping
technique (sample A) [63] or gas-phase doping technique (samples B and C) [27]. As
stated above, Al co-doping was used to ensure a good solubility of Yb, employing an
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sample

codopants

Yb2 O3 [mol%]

Yb density
[1025 m−3 ]

OH conc.
[ppm]

core diam.
[mm]

clad diam.
[mm]

length [mm]

αb (1200 nm)
[dB/km]

Table 3.1: Characteristics of the Yb-doped silica glass preforms.

A

Al, P

0.12

5.3

3.0

1.7

10.7

28.6

10

B

Al, F

0.10

4.4

1.5

2.6

13.8

28.7

9

C

Al, F, Ce

0.13

5.7

1.5

3.1

14.8

27.8

5

Al/Yb ratio of greater than 7:1. Co-doping with P or Ce, as well as the gas-phase
doping technique, reduced the photo-darkening loss of the material (samples B and
C). For sample C, a Ce/Yb ratio of about 0.3 was used, which is known to reduce
photo-darkening substantially [62].
These glasses were developed for single-mode, high-power fiber lasers, so controlling the core-cladding refractive index step was essential; for this reason, co-doping
with P [63] or F was used to decrease the refractive index of the material. Fiber
lasers using these types of glasses have been used to achieve CW output powers of
greater than 4 kW, while maintaining good beam quality [14,26]. Output powers like
these can only be accomplished with, among others, high-purity core materials with
low background absorption. The background losses of these glasses (in the used fiber
preforms) are listed in Table. 3.1 and are less than or equal to 10 dB/km measured
at 1200 nm wavelength. At this wavelength, the main contributions to loss are from
Rayleigh scattering and Fe2+ impurities. Assuming that the Fe2+ impurity is the only
loss channel, its concentration can be estimated to be around 15 ppb [65]; if scattering losses are also considered, the Fe2+ concentration would be even lower. The
OH-induced quenching is negligible because the OH concentration in these glasses is
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very low (see Table. 3.1); similar investigations on Yb-doped aluminosilicate glasses
support this [66].
In order to obtain the mean fluorescence wavelength of each sample, the silica
preforms were pumped by a diode laser at λp = 1030 nm, the spectral densities of
the samples (S(λ)) were captured by an OSA (Yokogawa-AQ6319) from the sample’s
side. Then using Eq. 1.34, the mean fluorescence wavelength of each sample is
calculated. The calculated mean fluorescence wavelengths of the samples A, B and
C
B
C are found to be λA
f =1010 nm, λf =1008 nm, and λf =1008 nm, respectively [33].

Figure 3.1 shows the normalized spectral densities of the three implemented samples.
The mean fluorescence wavelength of each sample is also shown in Fig. 3.1.

3.3

Laser cooling of Yb-doped silica glass

There are a few different ways by which one can directly investigate the possibility of
laser cooling in a specific material [38]. Among the different methods, Laser-Induced
Thermal Modulation Spectroscopy (LITMoS) test really stands out in terms of reliability and ease of experiment. The test can be done using a thermal camera. For
laser cooling experiment in which the temperature decreases by 40-50 K temperature
below the ambient temperature essentially the thermal camera is not a good choice.
This lies behind the fact that, thermal cameras fail to work at very low temperatures.
In the case of very low temperature, Differential Luminescence Thermometry (DLT)
method is a better choice [38]. In the DLT, the changes of temperature is obtained
from the fluorescence emission of the sample. This technique can offer an accuracy
in the mK range. However, since in our LITMoS test, we work in a very low temperature regime around the ambient temperature, the thermal camera should work
properly.
Here, we try to explain the LITMoS test both qualitatively and quantitatively.
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Figure 3.1: Normalized spectral density emissions of the implemented samples. The
cyan solid line represents SA (λ), the blue dashed line represents SB (λ) and, the red
dashed line represents SC (λ).

We start from the following equation that describes the link between the thermal load
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onto the cooling sample and the temporal evolution of the sample temperature [38]:
Cv

dT
= Pload + Pc ,
dt

(3.1)

Pc = −ηc Pabs ,
Pload =

Aσ
N κl Al
(T04 − T 4 ) + Aκh (T0 − T ) +
(T0 − T ),
1+χ
dl

(3.2)

where the term Pc represents the heat extraction from ASF cooling and for the load
power part (Pload ), the first term represents the radiative heat exchange between
the cooling sample and the chamber, and the second and third terms represent
the convective and conductive heat loads on the cooling sample, respectively, χ =
(1 − c )A/c Ac , c is the chamber emissivity, Ac is chamber area, N is the number
of contacting points with area Al , length dl and conductivity κl , κh is the convective
heat transfer coefficient and Cv = cv ρ0 A l.

Figure 3.2: Concise schematic of the thermodynamic processes involved in laser
cooling. The cooling sample is supported by a set of thin optical fibers. Pcond
and Pconv describe the heat-load originating from the conductive and convective
mechanism, respectively. Prad describes the radiative heat exchange from the sample
surrounding. Pcool also describes the heat extraction by ASF cooling.

Figure 3.2 also describes qualitatively laser cooling set-up. It can be proven that
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under high vacuum the convective heat transfer coefficient becomes considerably
small [67]; therefore, one can neglect the contribution of the convective heat source
in Eq. 3.2. Similarly, the conductive heat-load from the set of silica fiber holders
that are used to support the sample is quite low (small N and Al ). Normally, in
a laser cooling experiment, a special care is taken to have the product of κl N Al so
small that the contribution of the conductive part becomes negligible [67].
Considering the fact that the surface area of the chamber (Ac ) is much larger
than that of the cooling sample (As ), we can assume that χ  1; therefore, Eq.3.2
reduces to
Cv

dT
≈ −ηc Pabs + Aσ(T04 − T 4 ),
dt

(3.3)

where assuming that we are working in a regime where (T0 − T )/T0  1, we will
have (T04 − T 4 ) ≈ 4T03 (T0 − T ); hence, Eq. 3.3 takes the following from
Cv

dT
≈ −ηc Pabs − 4AσT03 (T − T0 ).
dt

(3.4)

In steady state (dT /dt = 0), Eq. 3.4 results in a relationship between the cooling
efficiency and the absorbed power, and temperature changes of the sample that can
be written as follows
ηc (λp ) =

∆T (λp )
,
Pabs (λp )Hc A

(3.5)

where Hc ≈ 4σT03 which is the sample black body heat transfer coefficient.
In the LITMoS test, once the sample has come to thermal equilibrium with its
surrounding, the temperature image of the sample at each wavelength (λp ) is captured by a thermal camera (the thermal camera used in the study is Thermal Eye
Nanocore 640). Knowing that ηc (λp ) ∝ ∆T (λp )/Pabs (λp ), after normalizing the thermal images of the sample to the absorbed power at each wavelength, using a fitting
procedure, one can extract the proportionality constant and the external quantum
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efficiency (ηext ). Note that at each wavelength we have used the emission spectral
density (S(λ)) as a measure for the absorbed power in the sample as Pabs (λp ) ∝ S(λ).
To investigate laser cooling and obtain the cooling efficiency, ηc , of the Yb-doped
silica glass preforms as it was explained before, we perform the Laser-Induced Thermal Modulation Spectroscopy (LITMoS) test on all three samples [38, 68]. The
LITMoS test setup is shown in Fig. 3.3. The samples are held by a set of silica fibers
inside a vacuum chamber with the pressure of 10−6 Torr to eliminate the conductive and convective heat-loads on the samples, so the black body radiation remains
the only source of heating from the environment. The samples are pumped by a
wavelength-tunable CW Ti-Sapphire laser (980 nm < λp < 1070 nm) and the laser
light passes through each sample twice using an external mirror. The thermal images
and spectral features of the samples are captured through a set of thermally transparent KCl salt windows mounted in the chamber. The changes of the temperatures
are recorded by a thermal camera.
Figure 3.4 shows the obtained cooling efficiency of the three samples obtained
from the LITMoS test. In each subfigure corresponding to the particular sample A,
B, or C, the pump laser wavelength is gradually increased; once it exceeds the mean
fluorescence wavelength, the anti-Stokes fluorescence begins to extract heat from the
sample until the cooling efficiency becomes positive, indicating the net laser cooling.
As can be seen in Fig. 3.4, all three samples have been laser cooled. By fitting Eq. 2.1
to the experimental results, we can find the external quantum efficiency, ηext , and
the background absorption coefficient, αb , of the samples, which are summarized in
Table. 3.2.
The results of the LITMoS tests prove laser cooling in all these Yb-doped silica
glass preforms. However, because in the LITMoS test setup, the maximum power
of our Ti:Sapphire laser in the cooling wavelength range is less than 900 mW, the
signal to noise ratio, as can be seen from the error-bars in Fig. 3.4, is large. There-
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Figure 3.3: A wavelength-tunable CW Ti:Sapphire laser is coupled by a lens of focal
length f=10 cm into the silica glass preform through a side window mounted on the
vacuum chamber. The transmitted light gets reflected back by a highly-reflective
mirror and is coupled back into the preform again by another lens of focal length
f=10 cm. The lower left inset shows a sketch of the Yb-doped silica glass preform
supported by a set of thin silica fibers to minimize the heat load, while the lower
right inset shows the actual image of preform supported on the thin silica fibers.

fore, to enhance and further confirm laser cooling of our samples, we pumped the
preforms with a 10.4 W Nd:YLF laser, the wavelength of which at 1053 nm is near
the maximum cooling efficiency of the samples (see Fig. 3.4).
Similar to the LITMoS test, the samples were double-pass pumped by the Nd:YLF
laser inside the vacuum chamber and the changes of the temperature were recorded
by the thermal camera as a function of the exposure time. Figure 3.5 shows the
thermal images of the three samples before and after the exposure to the laser light;
the three rows starting from the top correspond to samples A, B, and C, respectively.
The images in the left column (a, c and e) were taken before the exposure to the laser
and the images in the right column (b, d, f) were taken after the laser was turned
on and the sample temperatures were stabilized (∼40 minutes).
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Figure 3.4: In each subfigure, the red dots with error-bars represent the measured
values of the cooling efficiency for samples A, B, and C, respectively. The blue curved
line is a fitting of Eq. 2.1 to the experimental measurements.

Note that the heat extraction occurs only in the core of each sample, but the
entire sample cools almost uniformly in less than a minute. The cooling is easily
recognizable by unaided human eye when the thermal camera images become darker
after the exposure to the Nd:YLF laser. The bright regions in the thermal images
of the samples in Fig. 3.5 can be misleading; the reason for these bright regions is
that silica glass is not transparent in the thermal window and the bright regions on
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sample

ηext

avg (αb )
[dB/km]

min (αb )
[dB/km]

max (αb )
[dB/km]

∆Tmax [K]

τc [s]

ηc [%]
(1053 nm)

Table 3.2: Results of fitting procedure related to the LITMoS tests presented in
Fig. 3.4 with Eq. 2.1; and the temporal evolution curves of the temperature exposed
to the high-power Nd:YLF laser presented in Fig. 3.6 with Eq. 3.6.

A

0.992±0.003

12

2

30

0.6

599

2.2

B

0.994±0.002

25

14

34

0.7

754

2.73

C

0.985±0.002

5

4

25

0.56

915

2.14

the samples originate from reflections of the thermal radiation from the side-walls of
the chamber onto our samples’ cylindrical surfaces and eventually into the thermal
camera.
Figure 3.6 shows the evolution of the temperature of the samples over time while
being exposed to the 10.4 W Nd:YLF laser. The temporal evolution of the sample temperature can be derived by solving Eq. 3.4 and noting that in the vacuum
chamber, the convective and conductive heat transfers are negligible; therefore, the
temporal behavior of the temperature obeys the following differential equation [67]:
ρ0 lAcv

d∆T
≈ −ηc Pabs − 4σAT03 ∆T,
dt

where the absorbed power in the double-pass experiment is given by



Pabs = Pin T 1 − e−αr (λp )l 1 + T 2 Rm e−αr (λp )l .

(3.6)

(3.7)

∆T = Ts −T0 , where Ts is the sample temperature. αr (λp ) is the resonant absorption
coefficient of the pump laser. We also have T = Tw Tl Tg , where Tw = 0.92 is the
transmission of the vacuum chamber windows, Tl = 0.998 is the transmission of the
lenses, Tg = 0.96 is the transmission of the preforms’ facets, and Rm = 0.998 is the
reflection of the mirror. Note that the absorption coefficients of samples A, B, and
C were measured to be αr (λp )=0.43 m−1 , 0.52 m−1 , and 0.50 m−1 , respectively.
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Figure 3.5: (a), (c) and (e) show the thermal images of the samples A, B and C,
respectively, before they are exposed to the laser light. (b), (d) and (f) show the
thermal images of the samples A, B and C, respectively, when they are cooled by
the Nd:YLF laser. The regions that are used in obtaining the temperature changes
for the LITMoS test are marked by the dashed lines in the left column.

The solution of Eq. 3.6 turns out to have an exponential form as follows
∆T (t) = ∆Tmax (e−t/τc − 1),

(3.8)

where we use the following definitions:
∆Tmax = ηc

Pabs
,
4σT03 A

τc =

ρ0 lcv
.
4σT03

(3.9)

Pabs is the absorbed power,  = 0.85 is the emissivity of the implemented Yb-doped
silica glass fiber preforms, σ = 5.67 × 10−8 W.m−2 .K−4 is the Stefan-Boltzmann
constant, T0 is the ambient temperature, l is the sample length, A is the surface
area of the sample, ρ0 = 2.2 × 103 kg.m−3 is the silica glass mass density, and
cv = 741 J.kg−1 .K−1 is the specific heat of the silica glass. [12, 69].
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Figure 3.6: The temperature changes of the samples A, B, and C as a function of
time, respectively, when exposed to the Nd:YLF laser. The red dots represent the
experimental results and the blue lines represent the fit to the experimental results.
The obtained ∆Tmax and ηext parameters from fitting are presented in Table. 3.2.

The exponential form presented in Eq. 3.8 is a direct solution to Eq. 3.6; by fitting
Eq. 3.8 to the measurements in Fig. 3.6, the values of the two fitting parameters for
each sample, i.e., ∆Tmax and ηext are extracted and reported in Table. 3.2. We note
that the slope of the ∆T (t) curve at t = 0 in Eq. 3.8 gives us the value of the
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cooling efficiency at 1053 nm wavelength, i.e., ηc = −(ρlAcv /Pabs )∂t ∆T |t=0 . For each
sample, we also calculate the value of ηc using the two fitted coefficients, and present
the results in Table. 3.2; these values all agree well, within the error-bar, with the
plots of ηc in Fig. 3.4 obtained using the LITMoS tests. Movie clips of the cooling
evolution of the samples are available in the Supplementary materials.
In conclusion, we have demonstrated laser cooling in three separate bulk samples
of Yb-doped silica glass optical fiber preform. Each sample has a different Yb ion
concentration and each is co-doped with one or more of Al, P, F, and Ce elements.
We performed a LITMoS test on each sample and extracted its cooling efficiency
and showed that each sample is cooled over a certain laser pump wavelength range.
Interestingly the features of the three Yb-doped silica preforms are in good agreement
with the predicted results in the last chapter in terms of ion density, internal quantum
efficiency and background absorption.
Separately, we exposed each sample to a high-power Nd:YLF laser at 1053 nm
wavelength and monitored the temporal evolution of its temperature. The independently extracted cooling efficiency all agree with those from the LITMoS tests,
indicating a maximum cooling of the three samples by 0.6 K, 0.7 K, and 0.56 K,
respectively, at 1053 nm laser pump wavelength. Because of the geometry of the
samples, the temperature variation within each sample is negligible; therefore, the
reported temperature drop is nearly uniform in the entire volume of each sample [20].
The experiments also allowed us to extract the parasitic background absorption and
external quantum efficiency of each sample. We emphasize that this is the first reported measurement of the external quantum efficiency of Yb-doped silica glass, the
determination of which is critical to laser cooling experiments.
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Chapter 4
Implementation of
radiation-balancing in fiber
amplifiers
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4.1

Introduction

So far we have talked about the possibility of laser cooling in the best fiber host
materials amenable to laser cooling such as silica and ZBLAN glasses. ZBLAN glass
has a long history of laser cooling; hence, its implementation in terms of laser cooling
in radiation-balanced fiber amplifiers and lasers was never challenged. However, silica
glass, as the most reliable host-material in fiber optics, had failed all laser cooling
experiments until a few months ago that the first observation of laser cooling in
silica glass was observed by our team at the University of New Mexico [64]. A
few weeks after the first observation of laser cooling in Yb-doped silica glass, the
results regarding the cooling of a multi-mode Yb-doped silica fiber were published
by J. Knall from Stanford university [70].
Having said that, now it seems that there is no a priori challenge to implement
radiation-balancing in fiber amplifiers. However, the amenability of laser cooling in
the materials is just one of the aspects of the radiation-balanced fiber lasers and amplifiers that has been studied. There are other issues that need to be studied regarding the waveguide aspects of the radiation-balanced lasers and amplifiers. Because
the pump and signal wavelength range of the radiation-balanced amplifier have to be
different than those of a typical fiber amplifiers to guarantee laser cooling combined
with the fact that now there is a new mechanism called anti-fluorescence cooling that
removes the generated heat, certainly a detailed study of the radiation-balanced fiber
amplifier is required.
Here in this chapter, we will study the implementation of radiation-balancing in
different optical fibers from SM to DC fibers in terms of signal amplification, heatoffset, etc. We have shown in chapter I that in order to have an exact radiationbalancing along the fiber amplifier, a very complicated pumping mechanism is required. As mentioned in Chapter I, the pumping scheme is extremely hard to im-
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plement beside the fact that it itself can cause a huge heat-load on the system. We
will show that using a conventional pumping mechanism, single -or double-pumped
scheme, a significant heat-offset can be also observed in conventional DC fiber amplifiers. We also introduce a new fiber structure that enhances laser cooling efficiency
more efficiently.

To implement radiation-balancing in a fiber amplifier, a very detailed investigation based on the anti-Stokes fluorescence emission is required. In doing so, we
develop a comprehensive model to implement radiation-balancing in the different
fibers. We start with a SMF and show that the idea of radiation-balancing in the
SMF does not work due to several reasons that will be discussed later. Then we take
a DC fiber amplifier and investigate the effect of radiation-balancing in it; the results
show that in the range of tens of watts, the DC fiber amplifier can benefit efficiently
from radiation-balancing for heat-offset but for the power ranges of hundreds of watts
or more the radiation-balancing fails to work.

It will be shown that in order to have radiation-balancing work efficiently in
high-power operation, the structure of a DC fiber amplifier needs to change. Here a
new structure of DC fiber amplifier is introduced in which radiation-balancing can
efficiently offset the generated heat in the high-power operation regime. The new
fiber amplifier for which we coin the term ”Core/Cladding (C/C) ion-doped fiber
amplifier”, has an ion-doped core and cladding unlike a typical DC fiber amplifier
where only its core is doped. The ion-doped cladding of the C/C fiber amplifier
bestows more efficient cooling power on the DC fiber amplifier due to the reasons
that will be revealed in detail in this chapter. The pros and cons of the C/C iondoped fiber amplifier which we believe is the most efficient fiber structure for the
radiation-balancing implementation are also described in detail in this chapter.
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4.2

Radiation-balancing in a single mode
fiber amplifier

Here, we study the possibility of using an SMF in a radiation-balanced fiber amplifier.
The whole idea behind radiation-balancing is that the heat extraction coming from
anti-Stokes fluorescence dominates the heat generation from the quantum defect and
other sources of heat in lasers or amplifiers. Hence, the first wise step here is to
study the possibility of balance between the heat offset of anti-Stokes fluorescence
cooling and heat generation in the SMF. In doing so, we first start with laser cooling
power in a typical Yb-doped SMF. We study the maximum cooling power that can
be extracted from a typical SMF and then investigate the potential temperature
drop of such cooling power. Finally we study the possibility of the implementation
of radiation-balancing in an SMF amplifier.
Part of the optimization process that determines the maximum cooling power
that can be extracted from a cooling-grade material consists of pump intensity optimization. Equation 1.35 clearly shows that the pump intensity (Ip ) and wavelength
(λ) are the two factors that determine the efficiency of the cooling power in a coolinggrade material. For the optimization of cooling power density with respect to pump
intensity (Ip ), we investigate the cooling power density (Q) in two different regimes
of pump intensity. In the first approximation, we assume that the intensity is much
smaller than the saturation intensity (Ip  Isat ) under which Eq. 4.1 reduces to


λ
α0 (λ).
(4.1)
Q(Ip ) ≈ ζ(λ)Ip + αb Ip , ζ(λ) = 1 − ηq
λf
Equation 4.1 implies that Q(Ip )/Ip now is intensity-independent. In other words, if
we have ηc = −Q(P )/P and, P = Ip A, the cooling efficiency (ηc ) is power independent.
In the second approximation, we assume that the intensity is much greater than
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the saturation intensity (Ip  Isat ) which reduces Eq. 1.35 to the following equation
Q(Ip ) ≈ ζ(λ)Isat + αb Ip ,

(4.2)

where unlike Eq. 4.1, now Eq. 4.2 shows that Q(Ip )/Ip is intensity-dependent.
Based on the two described regimes of cooling power density, one can quickly
realize that beyond a particular value of the pump intensity, the cooling condition
fails and the material starts heating up. We can obtain the maximum intensity (Imax )
from the condition where Q(Ip ) < 0. Under the condition, we will finally obtain
Ip < Imax = −(

ζ(λ)
+ 1)Isat .
αb

(4.3)

Equation 4.3 implies that if the input intensity exceeds the maximum intensity
(Imax ), cooling is no longer possible. The behavior of Eq. 1.35 in two extreme cases
of pump intensities tells us that there should also be an optimum value for the pump
intensity at which the extracted heat becomes maximum. Such an optimum value
can be obtained by setting the derivative of the cooling power density (Q) with
respect to the pump intensity (IP ) equal to zero (∂Q/∂Ip = 0) as follows
s

∂Q
ζ(λ)
= 0 → Iopt =
− 1 Isat (λ),
−
∂Ip
αb

(4.4)

where after inserting the optimum pump intensity (Iopt ) into Eq. 1.35, the optimum
cooling power density is obtained as described by
Qopt


2
p
√
=−
−ζ(λ) − αb Isat (λ).

(4.5)

Figure 4.1 implies the general behavior of the cooling power density (Q) for
a cooling sample, ηq ≈ 1, αb  αo . It shows that for small pump powers, the
sample starts cooling and with the increase of the pump power the cooling power
increases until it reaches the maximum heat extraction, Qopt . As the pump intensity
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increases, the cooling power density decreases due to the saturation of the anti-Stokes
fluorescence cooling and linear increase of the background absorption; therefore,
beyond a certain pump power, Pmax = Imax A, the cooling-grade sample starts heating
due to dominance of the background absorption.

Figure 4.1: The general behavior of the cooling power (Q) with its all important
points such as Imax and Iopt .

Here, we apply the optimization process to a Yb-doped SMF with a = 5 µm,
b = 62.5 µm, N = 5 × 1025 m−3 , τF = 0.7 ms and, αb = 10 dB/km. Figure 4.2
describes a typical Yb-doped SMF.

Figure 4.2: Schematic of a cooling Yb-doped SMF exposed to the pump power. Ta
and Tb denote the temperatures of the core and cladding, respectively and T0 denotes
the ambient temperature.

87

Now, we have all the necessary ingredients to investigate the maximum temperature drop that can be achieved in a typical Yb-doped SMF by laser cooling. The
importance of the temperature drop in a Yb-doped SMF is two-fold. The first aim
is to see if the maximum temperature drop by laser cooling in the SMF can be high
enough to implement in radiation-balancing. The second aim is to check if the temperature drop is large enough to be measured with the equipment available in our
laboratory.
Using the developed equations in Eq 1.15, the temperature difference between
the cladding and ambient temperature of a Yb-doped SMF can be described by
∆T = T (b) − T0 =

Qa2
2bHc

(4.6)

Assuming that the Yb-doped SMF is in a vacuum chamber, based on Eq. 3.5 the
heat transfer coefficient of the SMF takes to be Hc = 5 W/Km−2 . Considering the
optimum heat extraction occurs nearly at λopt ≈ 1030 nm for a calculated optimum
pump intensity of Iopt = 0.12 W/m2 , the temperature drop of the Yb-doped silica
SMF versus the pump wavelength can be described by Eq. 4.6 as it is obvious in
Fig. 4.3.
Figure 4.3 shows that the maximum heat that can be extracted from the Ybdoped SMF with ηq = 1, barely reaches ∆T = 0.6 K in high vacuum.
Figure 4.4 also describes the maximum heat extraction of the studied SMF in
atmospheric pressure where the heat transfer coefficient is assumed to be Hc =
30 W/m2 K.
Figure 4.5 describes the theoretical calculations of a LITMoS test on the studied
Yb-doped SMF with ηq = 1.0, in atmospheric pressure at two different pump powers
of Pp = Popt and Pmax = 0.65 W. As it is obvious from Fig. 4.5, for Pp = Pmax , the
maximum temperature drop reaches ambient temperature.
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Figure 4.3: The calculated temperature drop of the studied cooling-grade Yb-doped
SMF vs wavelength in high-vacuum. The blue and red dashed lines represent the
the temperature drop (∆T ) of the used Yb-doped SMF with ηq = 1.0 and ηq = 0.99,
respectively.

Figure 4.4: The calculated temperature drop of the studied cooling-grade Yb-doped
SMF vs wavelength in atmospheric pressure. The blue and red dashed lines represent
the the temperature drop (∆T ) of the used Yb-doped SMF with ηq = 1.0 and
ηq = 0.99, respectively.

The conclusion that can be drawn from Fig. 4.5 is that the pump power intensity
becomes crucial for the LITMoS test in a doped SMF due to its small cross sectional
area. Meaning that if the pump power goes beyond a maximum value (Pmax ) which
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is usually less than 1 W, the heat generation from the background absorption will
be the dominant factor.

Figure 4.5: The calculated temperature drop of the studied Yb-doped SMF for
two different pump powers in atmospheric pressure. The blue and red dashed
lines represent the temperature drops for the pump powers of Pp = 120 mW and
Pp = Pmax = 650 mW, respectively.

What also can be interpreted from Figs 4.3 and 4.4 is of a great importance in
practice for the implementation of radiation-balancing in a SMF amplifier.
The first practical point is that traditional methods of temperature measurement
such as DLT and thermal camera might fail to work for the LITMoS test of the
SMF in atmospheric pressure. The thermal camera is found not to be useful due
to the lack of enough temperature sensitivity which should be better than 1 mK.
Since DLT method also relies on the extracted fluorescence power from the cooling
material, it faces a huge problem for an SMF as it has a very small ion-doped core
area. The small cross sectional area of the SMF core naturally emits a small amount
of fluorescence power in the cooling process. This low fluorescence emission power
leads to an extremely low S/N ratio. So far we have not been able to get a reliable
result for the SMF temperature measurement using DLT and thermal cameras in
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our lab.
The second point or the gist of the section is that implementing radiationbalancing in a SMF amplifier does not make sense due to the following points. First,
from the practical point of view, the temperature drop in an SMF amplifier has
never been a challenge in the lab as the fiber temperature in the SMF amplifier cannot exceed more than just a few degrees beyond ambient temperature. Because the
pump power that can lead to a considerable temperature rise in an SMF amplifier
can simply damage the fiber and also cause optical non-linear effects due to the small
core. Second, considering a functioning radiation-balanced SMF amplifier, no need to
mention that for the amplifier, an SMF pump source is needed; from practical point
of view one might legitimately say that ”what is the point of building a radiationbalanced SMF amplifier if there is already an SMF pump source available?!”. Third,
in Ref [71], it has been shown that in a typical SMF amplifier, radiation-balancing
fails to work for output powers beyond just a few watts which comes from the fact
that in an SMF amplifier the generated heat per length is considerably higher than
that of DC fibers and the core diameter is also smaller than that of DC fiber amplifiers. Fourth, let us assume that the main source of the heat generation in a typical
Yb-doped SMF amplifier is the background absorption, then the maximum cooling
that was just calculated for the SMF (Qopt = −1.3 × 107 m−3 ) should counterbalance
at least the effect of the background absorption (αb Ip ). The calculation simply shows
that the background absorption starts dominating the maximum cooling power for
pump powers greater than 0.430 mW. In other words, radiation-balancing in a typical
SMF amplifier cannot be useful for powers greater than 0.430 W. Of course, the calculated maximum power can hugely drop considering the contribution of the signal
power.
Therefore, so far our study confirms that there is no necessity to implement
radiation-balancing in an SMF amplifier due to the mentioned points. Although the
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discussion might seem trivial to the people who are familiar with fiber amplifiers, the
issue was needed to be unfolded to pave the way for the topics going to be discussed
in the next sessions.

4.3

Radiation-balanced Double-Clad fiber amplifier

In the previous section it was shown that temperature rise is never a problem in an
SMF amplifier. As explained, an SMF essentially is not good medium into which
high-power can be delivered. To solve the pumping issue, DC fibers were introduced.
As mentioned earlier, the driving force behind the invention of the DC fiber was the
pump power coupling issue for SMFs. To solve the issue, DC fiber is designed in such
a way that its multi-mode cladding could guide the pump power unlike an SMF.
Figure 4.6 describes a typical DC fiber with a core and inner cladding of radii of
a and b, respectively. The pump power now is guided inside the inner cladding of the
DC fiber. As the pump power propagates along the DC fiber, it gets absorbed by the
doped core which leads to signal amplification inside the core. The refractive indices
of the core and inner cladding are designed in such way to guarantee an acceptable
Gaussian beam profile of the core and guidance of the pump power.
In this section, we try to apply radiation-balancing to a Yb-doped silica DC
fiber amplifier. In this study, most of our numerical simulations are carried out for
perfect internal quantum efficiency (ηq = 1) in Yb-doped silica fibers. The reason for
choosing silica as the host material is to explore realistic designs related to previously
published experimental work on high-power Yb-doped fiber amplifiers, all of which
are in silica-based fibers.
The optical fiber considered here has a step-index core of radius a, which is
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Figure 4.6: Schematic of a DC fiber amplifier. (a) Propagation of the signal and
pump powers in the core and inner cladding. (b) Facet of the DC fiber with the core
and inner cladding. (c) Mode profiles of the core and inner cladding.

uniformly doped with Yb ions at a density N0 . The pump propagates in a double-clad
geometry of radius b and is assumed to be uniformly distributed over the transverse
cross section of the heavily multi-mode inner cladding. The core is assumed to be
quasi-single-mode [13]; therefore, the signal (laser and ASE) propagate with a nearly
Gaussian intensity profile described by
gw (ρ) = exp(−2 ρ2 /w2 ),

(4.7)

where ρ is the radial coordinate and w is the field radius.
The total ion concentration Nt is given by


1 for 0 ≤ ρ ≤ a
Nt (ρ) = N0 Θa (ρ),
Θa (ρ) =
.

0 for a < ρ

(4.8)

The rate equation for the upper manifold population density N2 is given by


Ip+ + Ip− a
dN2
a
e
=
σp Nt − (σp + σp ) N2
dt
hνp


n
X
Ij+ + Ij− a
N2
a
e
+
σj Nt − (σj + σj )N2 −
.
(4.9)
hνj
τf
j=1
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The pump frequency (wavelength) is νp (λp ). The signal spectrum is sliced into n
adjacent segments, where δλ is the bandwidth for each segment. The signal frequencies and wavelengths are νj (λj ), where j = 1, · · · , n. The emission and absorption
cross sections are defined as follows
σja = σ a (λj ),

σje = σ e (λj ),

j = 1, · · · , n, or j = p.

(4.10)

The pump and signal intensities are defined as Ij± for j = p and j = 1, · · · , n,
respectively. The ± superscripts indicate forward and backward propagation. Note
that Ij± and N2 are functions of both radial (ρ) and longitudinal (z) coordinates.
−1
The upper manifold lifetime is τf = 1/(τr−1 + τnr
), where τr is the radiative lifetime

and τnr is the non-radiative lifetime. The (internal) quantum efficiency is defined as
ηq :=

τnr
.
τr + τnr

(4.11)

Here, we assume that due to small size of the fiber core, the external quantum
efficiency is very close to the internal quantum efficiency [10, 48].
The steady-state condition for the upper manifold population (dN2 /dt = 0) results in
−
βp (i+
p + ip ) +

n
P

−
βj (i+
j + ij )

j=1

n2 =
1+

(i+
p

+

i−
p)

+

n
P

(i+
j
j=1

,
+

(4.12)

i−
j )

Here also, n2 (r, z) = N2 (r, z)/N0 and we have used the following definitions:
βj =

σja
,
σja + σje

j = 1, · · · , n, or j = p,

i±
j =

Ij±
,
Ijsat

Ijsat =

hνj βj
.
τf σja

(4.13)
(4.14)

Later in this chapter, we will frequently encounter sums of the forward and backward propagating pump and signal intensities. In order to simplify, we identify such

94

sums with a tilde overline:
+
−
i±
j = ij + ij ,

j = 1, · · · , n, or j = p.

(4.15)

Another definition that will prove useful later is
γj = 1 − βj /βp ,

4.3.1

j = 1, · · · , n.

(4.16)

Pump propagation

The propagation of the right- and left-moving pump intensities along the fiber follows
the following differential equation:


dIp±
a
e
a
±
= (σp + σp )N2 − σp Nt − αb Ip±
dz
!
n
P
γj i±
σpa 1 +
j
j=1

=−

1 + ı±
p +

n
P

i±
j

(4.17)

Nt Ip± − αb Ip± .

j=1

αb characterizes the undesirable pump attenuation due to scattering (αbs ) and parasitic absorption (αba ), where αb = αba + αbs .
At any point along the fiber, the total pump (signal) power is obtained by integrating the local pump (signal) intensity over the transverse cross section. This can
be formally expressed as
Z ∞
±
Pj (z) =
(2π ρ dρ) Ij± (ρ, z),

j = 1, · · · , n, or j = p,

(4.18)

0

where we have implicitly assumed azimuthal symmetry in the fiber geometry and
beam profiles.
Earlier we stated that the pump power is uniformly distributed over the inner
cladding of radius b and the signal has a Gaussian profile. Therefore, the pump and
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signal intensity profiles can be approximately related to the powers by
Ip± (ρ, z) =

1
Θb (ρ) Pp± (z),
π b2

Ij± (ρ, z) = fw (ρ) Pj± (z),

(4.19)

j = 1, · · · , n.

Here also, fw (ρ) = 2 gw (ρ)/(π w2 ) and

R∞
0

(2π ρ dρ) fw = 1. Therefore, we can

conveniently express the pump propagation equation 4.17 as
!
n
P
σpa 1 + gw
γj p±
j
±
j=1
dIp
Θa Θb
=−
N0 Pp± − αb Ip± ,
±
n
P
dz
π b2
1 + Θ b p±
p±
p + gw
j

(4.20)

j=1

where we have used the following definitions:
±
sat
p±
p (z) = Pp (z)/Pp ,

±
sat
p±
j (z) = Pj (z)/Pj , j = 1, · · · , n,

Ppsat = Ipsat (π b2 ),

Pjsat = Ijsat (πw2 /2),

±
i±
p (ρ, z) = Θb (ρ)pp (z),

±
i±
j (ρ, z) = gw (ρ)pj (ρ, z).

(4.21)

If we integrate Eq. 4.20 over the transverse plane (See Appendix), we end up with

±

dp±
p (z)
dz

=

−αb p±
p (z)

−

N0 σpa

B

Γ  − ln(1 − η) +
D



AD − BC
CD


×

(4.22)



ln 1 +

η
C
1−ηC+D

A = 1,

B=



 ±
 pp (z),

where
n
X

γk p̃±
k,

C = 1 + p̃±
p,

k=1

D=

n
X
k=1

±
+
−
+
−
and, p̃±
p = pp + pp and p̃j = pj + pj .
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p̃±
k,

Γ = (πw2 /2)/(πb2 ),

4.3.2

Signal (laser and ASE) propagation

The propagation of the right- and left-moving signal intensities along the fiber follows
the following differential equation:


dIj±
a
e
a
= (σj + σj )N2 − σj Nt Ij± − αb Ij± + σje N2 Πj fw
(4.23)
±
dz
n


P
±
+
β
i
βp i±
k k
p


k=1
=
Nt (σja + σje )Ij± + σje Πj fw  − Nt σja Ij± (z) − αb Ij± ,
n
P
i±
1 + ı±
p +
k
k=1

where Πj = 2hc2 δλ/λ3j . αb characterizes the undesirable signal attenuation due to
scattering (αbs ) and parasitic absorption (αba ), where αb = αba +αbs ; the signal attenuation parameters are assumed to be the same for all signal wavelengths considered
in this study, because they all propagate through the fiber core. Using the signal
and pump transverse profiles, we can conveniently express the signal propagation
equation 4.24 as
±

dIj±
= −αb Ij± − N0 σja Pj± Θa fw
dz
n


P
Θb βp p±
βk p±
p + gw
k


k=1
+
N0 (σja + σje )Pj± + σje Πj Θa fw ,
n
P
1 + Θ b p±
p±
p + gw
k

(4.24)

k=1

where j = 1, · · · , n.
If we integrate Eq. 4.25 over the transverse plane (See Appendix), we end up with


±

dp±
 a

j
a ±
e ±
e
= −αb p±
j − N0 η σj pj + N0 (σj + σj )pj + σj Π̃j 
dz


e
 B
× η −
D

eD−B
eC
A
D2

!



× ln 1 − η
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D
C+D



,

(4.25)

where we have
e = βp p± ,
A
p

e=
B

n
X

βk p±
k,

Π̃j = Πj Pjsat ,

(4.26)

k=1

and C and D are defined in Eq. 4.23.
We note that in using Eq. 4.25, it is understood that Θb remains equal to unity
over the domain of integration, which is forced to be relevant only over the fiber core
due to the overall Θa factor in the rightmost term in Eq. 4.25.

4.3.3

Heat generation

The heat density generated in the gain medium can be calculated using the net
balance of energies. The pump and signal absorption by the ions as well as the absorption by impurities contribute to the heating. The spontaneous emission radiates
some of the power out of the fiber sides and causes anti-Stokes fluorescence cooling.
The ASE also contributes to radiation-balancing by removing some of the power out
of the fiber ends. The rate of heat volume density generation du(r, z)/dt at radial
distance r from the fiber center and location z along the fiber is given by
n
dIj+ dIj−
dIp+ dIp− X
du
=−
+
+
−
+
dt
dz
dz
dz
dz
j=1

− αbs

n
X

!
− αbs Ip+ + Ip−



n

Ij+

+

Ij−

j=1



X
N2
−
h νf +
2 N2 σje Πj fw .
τr
j=1

(4.27)

The linear heat density (per unit length) generated per unit time across the fiber
R∞
cross section at location z along the fiber is given by q(z) = 0 (2π r dr) (du(r, z)/dt):
q(z) = qp +

n
X

qj + q f ,

j=1
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where

qp =

αba P̃p± (z)

+

N0 σpa

B

Γ  − ln(1 − η) +
D



AD − BC
CD





× ln 1 +

C
η
1−ηC+D



 ±
 P̃p (z),

(4.28)

qj = αba P̃j± (z) + N0 η σja P̃j± (z) − N0 (σja + σje )
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(4.29)

!

(4.30)

where P̃p± = Pp+ + Pp− and P̃j± = Pj+ + Pj− .
The first term in qp is the heat generated over the entire inner-cladding of the
fiber; while the rest of the terms in qp relate to the heat generated exclusively in
the core, as is the case with qj and qf . qp and qj contain parasitic absorption terms
proportional to αba and αba , respectively. The rest of the terms in qp + qj correspond
to the heat generated due to the pump-signal quantum defect. qf is the anti-Stokes
fluorescence cooling heat extraction part.
As mentioned earlier, the temperature variation in the fiber is very small as shown
in [72, 73]. However, the difference between the temperature of the fiber surface and
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ambient can be substantial and is given by
∆T =

q
,
2πHc b0

(4.31)

where b0 is the radius of the whole fiber, i.e. the outer cladding. The value of Hc
is around 30 W/m2 K for air and 1000 W/m2 K for water. The exact value of Hc
depends on the flow properties of the convection, but these values are reasonable for
the conditions in which typical fiber amplifier experiments are carried out.
Assuming a maximum acceptable temperature rise of ∆T =100 K and b = 300 µm
, the maximum acceptable value for the linear heat density is qair =5.7 W/m for
air-cooled and qwat =188 W/m for water-cooled designs. Similarly, the maximum
acceptable value for the linear heat density is qair =1.18 W/m for air-cooled and
qwat =39 W/m for water-cooled designs, if a smaller outer cladding radius of bo =
62.5 µm is used. These values will guide us in the next section to convert the
calculated heat density values for various scenarios to the actual temperature rise of
the fiber.
In practice, all Yb-doped double-clad optical fibers are coated with a layer of
polymer coating [22]. For the steady-state condition; i.e., constant-wave (CW) amplifiers, Eq. 4.31 is still applicable but b must be replaced by the total fiber radius
that includes the polymer coating. However, this is only true if the polymer is fully
transparent and radiation trapping in the coating does not become a new source
for heating. Of course, other common solutions such as the use of potting material in KiloWatt-level amplifiers may not be compatible with efficient extraction of
anti-Stokes fluorescence, which is required for radiation-balancing.

4.3.4

Simulation of an amplifier

For the following simulation, we consider a system inspired by the amplifier described in [13]. For the fiber geometry, we consider the core, inner cladding, and
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outer cladding radii to be a = 13 µm, b = 240 µm, and bo = 300 µm, respectively.
The signal core overlap parameter is assumed to be η = 0.9 and the core Yb doping density is N0 = 1.5 × 1025 m−3 . The radiative and non-radiative lifetimes of
the upper Yb manifold are taken to be τr = 1 ms and τnr = 108 s [74, 75]; therefore,
ηq ≈ 1 per Eq. 4.11. For the absorption parameters, we assume αba and αbs are
each 5 dB/km. In all simulations, unless explicitly mentioned, the amplified signal
is seeded at Ps0 = 10 W input power at the wavelength of λs = 1067 nm (port 2, input at z = L). The pump is coupled to the fiber (port 1, input at z = 0) in the
counter-propagating direction with respect to the seed signal, where the input pump
power is identified as Pp0 as it is shown in Fig. 4.8. The fiber length is identified as
L and is 35 m long unless explicitly mentioned, and Pp0 takes different values for different simulations. All simulations are carried out with n=101 signals symmetrically
spaced around λs = 1067 nm (corresponding to j = 51), where each ASE component
is separated by δλ = 2 nm (See Fig. 4.7).

Figure 4.7: Emission and absorption cross sections of the studied Yb-doped silica
fiber with all depicted propagating signals.
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Figure 4.8: Schematic of the studied fiber amplifier.

4.3.5

Heat generation in a high-gain high-power amplifier

We start our discussion by considering an amplifier of length L = 35 m and plot the
amplified signal gain as a function of the input pump power Pp0 in Fig. 4.9, where
λp = 976 nm is assumed. For example, for Pp0 = 3500 W, the 10 W input signal
at 1067 nm is amplified to 2950 W, which is equivalent to 24.7 dB of amplification.
The total pump absorption is nearly 14 dB in this amplifier setup. The inset in
Fig. 4.9 shows the ASE power spectrum relative to the amplified signal power for
Pp0 = 3500 W in dB; the solid red line is the ASE at port 1 (ASE that copropagates
with the amplified signal) and the dashed blue line is the ASE at port 2 (ASE that
copropagates with the pump). The plots show the ASE power in each spectral bin
relative to the amplified signal in dB units; therefore, the total ASE power is sum of
all the partial ASE power values in each bin.
Figure 4.10 shows the total linear heat density generated at each point along
the fiber, plotted for the example above at Pp0 = 3500 W. The hottest point is at
port 1 where the pump is injected (where the signal also takes its maximum value).
The large value of the liner heat density clearly shows that the fiber must be watercooled as is also the case in [13], where the fiber temperature rises ∆T ≈ 19 K above
ambient, which is acceptable.
In Fig. 4.11, we show the linear heat density generated at each point along the
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Figure 4.9: Amplifier signal gain in dB is plotted as a function of the input pump
power. The inset shows the ASE power spectrum relative to the amplified signal
power, obtained for Pp0 = 3500 W, in dB; the solid red line is the ASE measured at
port 1 and the dashed blue line is the ASE measured at port 2. The ASE power in
each spectral bin relative to the amplified signal.

fiber, similar to Fig. 4.10, except plotted in a logarithmic scale. The solid (red)
line shows the total heat density as in Fig. 4.10, the dashed (orange) line shows the
generated heat due to the pump parasitic absorption (proportional to αba ), the longdashed (cyan) line shows the generated heat due to the amplified signal parasitic
absorption (proportional to αba ), and the dotted (blue) line is the amount of anti-

Figure 4.10: The total linear heat density generated at each point along the fiber,
plotted for the example above at Pp0 = 3500 W. z = 0 is port 1 where the pump is
injected (where the signal also takes its maximum value).
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Figure 4.11: Similar to Fig. 4.10 except plotted in a logarithmic scale. The solid
(red) line shows the total heat density as in Fig. 4.10, the dashed (orange) line
shows the generated heat due to the pump parasitic absorption (proportional to
αba ), the long-dashed (cyan) line shows the generated heat due to the laser parasitic
absorption (proportional to αba ), and the dotted (blue) line is the amount of antiStokes fluorescence cooling cooling (−qf ).

Stokes fluorescence (−qf ) due to anti-Stokes fluorescence (note the negative sign).
It is clear that the total generated heat in this case is dominated by the pumpsignal quantum defect. In fact, the heat generated due to the quantum defect is nearly
four times greater than the heat generated due to the the parasitic absorptions and
more than two orders of magnitude greater than the ant-Stokes fluorescence cooling.
In the next subsections, we will elaborate more on the heat generation due to the
quantum defect and parasitic absorption and discuss strategies to make the antStokes fluorescence cooling contribution a substantial part of the heat balance.

4.3.6

Reducing the heat generation due to quantum defect

As we observed in the previous subsection, the heat generated due to the quantum
defect totally overshadows that of the parasitic absorption and anti-Stokes fluorescence cooling. In order to reduce the impact of the quantum defect, the pump wavelength must be chosen closer to the wavelength of the amplified signal. However,
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Figure 4.12: Amplifier signal gain in dB is plotted as a function of the pump
wavelength. The input pump power is Pp0 = 3500 W and the amplifier length is
L = 35 m.

λp = 976 nm corresponds to the peak absorption wavelength of the pump; therefore,
the amplifier gain will be reduced if the all other factors including the total input
pump power and amplifier length are unchanged. In Fig. 4.12, we plot the amplifier
signal gain in dB as a function of the pump wavelength. The input pump power is
Pp0 = 3500 W and the amplifier length is L = 35 m, and all other fiber parameters
are the same as before. At each pump wavelength, the gain can be maximized by
changing the fiber length, but the trend will be maintained as the lower efficiency is
inevitable due to a lower pump absorption cross section at longer pump wavelength.

In order to explore the impact of the pump wavelength on the generated heat,
we explore the heat density generated along the fiber amplifier, similar to what we
previously presented in Fig. 4.11, except for λp = 1000 nm (Fig. 4.13) and λp =
1030 nm (Fig. 4.14). For λp = 1000 nm in Fig. 4.13, the total heat is now dominated
by the parasitic absorption of the pump, which is nearly five times greater than the
heat generated due to the quantum defect. The parasitic absorption of the amplified
signal is lower and is comparable in size to the heat generated by the quantum defect.
On the other hand, the radiative cooling power is still two orders of magnitude smaller
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than the total generated heat.

Figure 4.13: The total linear heat density generated at each point along the fiber,
plotted for Pp0 = 3500 W and λp = 1000 nm. z = 0 is port 1 where the pump
is injected . The solid (red) line shows the total heat density as in Fig. 4.10, the
dashed (orange) line shows the generated heat due to the pump parasitic absorption
(proportional to αba ), the long-dashed (cyan) line shows the generated heat due to
the laser parasitic absorption (proportional to αba ), and the dotted (blue) line is the
amount of anti-Stokes fluorescence cooling (−qf ).

For λp = 1030 nm in Fig. 4.14, the total heat is dominated by the parasitic
absorption of the pump, similar to the case of λp = 1000 nm in Fig. 4.13. In
this case, the parasitic absorption of the amplified signal is nearly 30 times lower
than that of the pump. Similar to Fig. 4.13, the anti-Stokes fluorescence cooling
power is two orders of magnitude lower than the total generated heat. Therefore,
as we expect, bringing the pump wavelength closer to that of the amplified signal
results in a substantial reduction in the total heat generation due to the pump-signal
quantum defect. However, other strategies must be pursued to increase the relative
contribution of the anti-Stokes florescence cooling.
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Figure 4.14: The total linear heat density generated at each point along the fiber,
plotted for Pp0 = 3500 W and λp = 1030 nm. z = 0 is port 1 where the pump
is injected . The solid (red) line shows the total heat density as in Fig. 4.10, the
dashed (orange) line shows the generated heat due to the pump parasitic absorption
(proportional to αba ), the long-dashed (cyan) line shows the generated heat due to
the laser parasitic absorption (proportional to αba ), and the dotted (blue) line is the
amount of anti-Stokes fluorescence cooling (−qf ).

4.3.7

Impact of the total pump absorption versus
wavelength

An important reason behind the rapid drop in the signal gain for longer wavelengths
in Fig. 4.12 is the small pump absorption due to the decreasing absorption cross

Figure 4.15: Pump absorption in dB is plotted as a function of the pump wavelength.
The input pump power is Pp0 = 3500 W and the amplifier length is L = 35 m. Note
that for the reported pump absorption, the contribution of the undesirable pump
attenuation, which is proportional to αb , is removed.
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section at longer wavelengths. In Fig. 4.15, we plot the total pump absorption in dB
as a function of the pump wavelength. Similar to Fig. 4.12, the input pump power
is Pp0 = 3500 W and the amplifier length is L = 35 m. Note that for the reported
pump absorption, the contribution of the undesirable pump attenuation, which is
proportional to αb , is removed. One method to address this problem is to increase
the length of the fiber, such that more pump is absorbed along the fiber.

Figure 4.16: The required fiber length L to obtain 14 dB of pump absorption is
plotted, excluding the pump attenuation due to αb , as a function of the pump wavelength.

In Fig. 4.16, we show the required fiber length to obtain 14 dB of pump absorption,
excluding the pump attenuation due to αb , as a function of the pump wavelength.
Of course, in practice one needs to worry about undesirable nonlinear effects that
arise from the longer fiber lengths [18].
In Fig. 4.17, we plot the amplifier signal gain in dB as a function of the pump
wavelength, where the fiber length is chosen according to Fig. 4.16 for 14 dB of pump
absorption. Again, the input pump power is Pp0 = 3500 W and the amplified signal
is seeded at Ps0 = 10 W input power at the wavelength of λs = 1067 nm. This
figure should be compared with Fig. 4.12 for which the amplifier length was fixed
at L = 35 m. It is clear that the amplifier signal gain in Fig. 4.17 is considerably
higher than Fig. 4.12 for most values of wavelength. However, for λp ≥ 1034 nm, the
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Figure 4.17: Amplifier signal gain in dB is plotted as a function of the pump wavelength. The input pump power is Pp0 = 3500 W and the amplifier length is chosen
according to Fig. 4.16, such that the pump absorption is 14 dB, excluding the pump
attenuation due to αb .

amplifier signal gain rapidly drops in Fig. 4.17. The reason behind this rapid drop is
the extremely low pump absorption cross section necessitates an exponential growth
in the required amplifier to maintain 14 dB of pump absorption in Fig. 4.16 (note the
logarithmic vertical scale); therefore, the undesirable signal attenuation proportional
to αb rapidly takes over for λp ≥ 1034 nm and the signal gain drops accordingly.

Figure 4.18: Linear heat density generated in port 1 (z = 0, which is the hottest
point in the fiber) is plotted as a function of the pump wavelength. The input pump
power is Pp0 = 3500 W and the amplifier length is chosen according to Fig. 4.16. The
amplifier signal gain for this plot is shown in Fig. 4.17.
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In Fig. 4.18, we plot the linear heat density in port 1 (z = 0, which is the
hottest point in the fiber) as a function of the pump wavelength for the amplifier
design related to Figs. 4.16 and 4.17. It can be seen that as the pump wavelength
increases, the pump absorption cross section decreases; therefore the local value of
the linear heat density decreases. The results presented in these figures show that
1020 nm ≤ λp ≤ 1030 nm may be considered as the desirable pump wavelength
range in high-power amplifiers if heat mitigation is an issue, because the generated
linear heat density is relatively low, anti-Stokes fluorescence cooling can potentially
contribute to heat reduction, while the signal gain can still be appreciable for a
sufficiently long fiber. However, undesirable nonlinear effects must still be mitigated
in such fibers [18].

4.3.8

Reducing the heat generation due to parasitic absorption

The parasitic absorption heat generated by the pump and signal is given by αba P̃p±
and αba P̃j± , respectively. In order for anti-Stokes fluorescence cooling to have a
chance in reducing the temperature of the fiber amplifier, the parasitic absorption
heat must be comparable in size to the anti-Stokes fluorescence cooling term qf (assuming that the contribution due to quantum defect is minimal). A useful estimate of
the anti-Stokes fluorescence cooling can be obtained from Eq. 4.30 in the limit where
the signal and/or the pump intensity is much larger than the corresponding saturation value. This limit is quite reasonable and is readily satisfied due to the small
transverse cross sections in fiber amplifies. This estimated anti-Stokes fluorescence
cooling power is given by
qf ≈ −N0 π a2

hνf
βp .
τr

(4.32)
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if the normalized pump intensity (relative to the pump saturation intensity) dominates over the normalized signal intensity. If the normalized signal intensity dominates, βp much be replaced by the βs (βj=51 ) corresponding to the amplified signal.
For λp = 1030 nm and λs = 1067 nm, qf is estimated to be −0.106 W/m when
the normalized pump intensity is dominant and −0.022 W/m when the normalized
signal intensity is dominant. Using the previously stated values of αba and αba , a
maximum estimate for the pump and the amplified signal power is near 20 W or
90 W, depending on which estimate for qf is considered (depending on the amplifier
design). These values are substantially different from the pump and signal power of
the high-power amplifier studied in the previous section. Therefore, no optimization
of the amplifier design would have resulted in any respectable anti-Stokes fluorescence
cooling effect, simply due to the large size of the pump and signal powers.
In order to design an amplifier with considerable anti-Stokes fluorescence cooling,
either the parasitic absorption coefficients need to be reduced, or the amplifier must
operate at lower power values. We note that the values of αba used in this study are
comparable to the values in conventional Yb-doped optical fibers.
As an example, consider the same fiber as discussed before, except the outer
cladding radius is reduced to b = 62.5 m and the fiber length is increased to L =
50 µm. The input pump power is Pp0 = 20 W, and the amplified signal is seeded at
Ps0 = 0.1 W, and is amplified to 6.97 W at more than 18 dB of gain. The reduced
powers are intended to decrease the parasitic absorption powers, while the reduced
cladding size is aimed at increasing the pump intensity to maintain an adequate
population inversion.
In Fig. 4.19, we show the linear heat density generated at each point along the
fiber, similar to Fig. 4.11. It is observed in this case that the heat due to the pumpsignal quantum defect, parasitic absorption, and anti-Stokes fluorescence cooling are
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all comparable in size (up to a factor of two); therefore, anti-Stokes fluorescence
cooling plays an important role in reducing the heat-load in the fiber amplifier.

Figure 4.19: Similar to Fig. 4.14, where λp = 1030 nm, except the cladding diameter
is reduced to 2b = 125 µm, Pp0 = 20 W, and Ps0 = 0.1 W.

In order to enhance the effect of anti-Stokes fluorescence cooling, one may consider to increase the core area, as well as the density of Yb ions N0 . The core area
considered in this study is nearly the maximum value that can be tolerated in conventional fibers, before higher order modes kick in and lower the beam quality or
create modal instability. Increasing the density of Yb ions can result in an increased
rate for non-radiative depletion of upper energy states due to the self-quenching effect [39, 41, 43–46, 75, 76]; hence decreasing the quantum efficiency ηq , which will be
the subject of next subsection.

4.3.9

Impact of non-ideal quantum efficiency

In practice, ηq is never equal to unity. In order to achieve net anti-Stokes fluorescence
cooling [57] or achieve perfect radiation balancing [31], ηq must be very close to unity.
For fiber lasers and amplifiers, the excellent quantum efficiency of Yb-doped ZBLAN,
which has been measured to be as high as 0.995 [77–80], makes ZBLAN the ideal
host for radiation balancing. However, in many practical applications it may not be
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necessary for anti-Stokes fluorescence to completely cancel out the heat generated
from other sources. Rather, it may be sufficient for the anti-Stokes fluorescence to
only lower the heat-load to tolerable limits for the required design. In the formalism
presented here, ηq < 1 is due to the presence of a relatively fast non-radiative decay
time.
We note that τf appears primarily in saturation intensities, while τr appears in the
expression for qf (anti-Stokes fluorescence cooling due to the anti-Stokes fluorescence)
in Eq. 4.30. In order to see the impact of ηq < 1, consider hypothetically a scenario
where τf remains fixed, while lowering ηq results in an increased value of τr , which
in turn lowers the impact of qf in Eq. 4.30 proportionally. However, this is just
a hypothetical example helping to visualize the issue more clearly. In reality, τr is
usually fixed and impurities lower τnr , which in turn lower τf and result in ηq < 1.
However, the overall effect on the heat balance is similar in nature.
In Fig. 4.20, we repeat the simulation of Fig. 4.19, except with ηq = 0.8. We
assume that τr = 1 ms, τnr = 4 ms, and τf = 0.8 ms, resulting in ηq = 0.8. These
values may be compared with those used in previous simulations in this study, where
τf ≈ τr = 1 ms were used in conjunction with τnr = 108 s resulting in ηq ≈ 1.0.
The impact of a relatively lower qf (compared with other heat curves) due to a
smaller τf (lower ηq ) is clear when comparing Fig. 4.20 to Fig. 4.19, specifically for
the dotted (blue) line, which is the amount of radiative cooling (−qf ) due to antiStokes fluorescence. Therefore, the solid (red) line relating to the total heat density
is increased relative to other heat curves in Fig. 4.20 in comparison to Fig. 4.19 (this
is very clear when the solid (red) line is compared with the dashed (orange) line).
Therefore, it is observed that while the relative impact of the anti-Stokes fluorescence
cooling is weakened when ηq < 1, it can still have a sizable impact on the overall
heat balance.
In conclusion, in this section, we presented a detailed analytical formalism in-
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Figure 4.20: Similar to Fig. 4.19, except with ηq = 0.8.

tended for the thermal modeling and heat mitigation including anti-Stokes fluorescence cooling for high-power DC fiber amplifiers. The formalism takes into account
the spatial profile of the amplified signal and the pump in the double-clad geometry,
the presence of the ASE, and the possibility of anti-Stokes fluorescence cooling. The
formalism is applied to the analysis of a high-power Yb-doped silica fiber amplifier
inspired by published experimental results. It is observed that the pump-signal quantum defect is the dominant source of heat generation in the kW-level amplifier when
the amplifier is pumped at 976 nm wavelength. As the pump wavelength is increased
to reduce the quantum defect, the parasitic absorption of the pump (and amplified
signal) dominate the heat generation. In this case, if the pump wavelength is longer
than the mean florescence wavelength, anti-Stokes fluorescence cooling can provide
notable cooling only if the pump and signal powers are reduced to several tens of
watts or lower. This can be achieved by using a (i) smaller inner cladding in order
to increase the local pump intensity to achieve an adequate population inversion,
and (ii) longer fiber to increase the total signal gain. We also explored the impact of
the non-ideal quantum efficiency of the gain material. The formalism presented here
can be readily used to design fiber amplifiers and lasers for optimal heat mitigation,
especially due to anti-Stokes fluorescence cooling.
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4.4

Yb-doped Core/Cladding fiber amplifier

In the last section, we explored the heat mitigation by anti-Stokes fluorescence cooling
in a typical Yb-doped silica DC fiber amplifier. The calculations showed that the
anti-Stokes fluorescence cooling could mitigate the generated heat effectively in a
typical DC fiber amplifier for powers up to a few tens of watts. But at higher
powers, e.g., hundreds of watts or more, the background absorption of the inner
cladding becomes the dominant factor contributing to the heat generation in DC
fiber amplifiers. The heat generated due to the background absorption in the inner
cladding outweighs significantly the maximum heat extraction that can be delivered
by the anti-Stokes fluorescence cooling inside the core; therefore, for high power
operation of a typical DC fiber amplifier, the anti-Stokes fluorescence cooling fails
to mitigate the generated heat. Hence, a new configuration should be introduced in
which the heat extraction by the anti-Stokes fluorescence cooling is large enough to
counterbalance the significant heat load from the background absorption generated
in the inner cladding in high-power operation.
A viable method to cancel out the excess heat in the inner cladding is to dope the
inner cladding with the same ions as in the core. In a DC fiber laser or amplifier, the
inner cladding is also pumped; therefore, the doped inner cladding can also contribute
to the cooling process. Because the inner cladding area is much larger than the core
area, a properly doped inner cladding can increase the cooling power sufficiently to
counterbalance the heat generation in the high-power operation. In our analysis,
both the core and inner cladding are doped with the same Yb ion; hence, we coin the
term “Core/Cladding (C/C) Yb-doped fiber amplifier” to refer to the fiber amplifier
in the rest of the study.
A similar model was also suggested by R. Kashyap et al. [81], where the cladding
of a ZBLAN multimode fiber amplifier was used as an integrated optical cooler
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to offset the excess heat generated in the core. In their model, the host material
was ZBLAN glass and the core and cladding were doped with Yb and Tm ions,
respectively. The presence of two different ions also necessitated two different pump
sources. In their quest to fully satisfy the radiation-balancing condition along the
fiber amplifier, the dopants were proposed to vary in the longitudinal direction. Our
single ion composition makes the implementation of our proposed design significantly
easier. Moreover, we include the background absorption in our analysis [82], which
in practice is the most dominant heat source in high-power radiation-balanced fiber
lasers and amplifiers as explained in detail in the last section.
Here, we explore the heat mitigation via anti-Stokes fluorescence cooling in the
C/C Yb-doped fiber amplifier using a comprehensive thermal modeling that includes
the main factors that contribute to the heat generation. The detailed formalism, like
our study on the DC fiber amplifier, considers the spatial profiles of both signal and
pump intensities across the C/C Yb-doped configuration, the presence of the amplified spontaneous emission (ASE) as the source of anti-Stokes fluorescence cooling,
and the temperature variation across and along the C/C Yb-doped configuration.
The study first starts with the calculations of the right- and left- moving pump and
signals powers along the C/C Yb-doped fiber amplifier and takes into account the
contributions of the ASE consistently. Using the calculated pump and signal power
along the C/C Yb-doped fiber amplifier, the contributions of the pump, signals and
anti-Stokes fluorescence cooling to the heat density (Q) are calculated and finally
the temperature distributions along and across the C/C Yb-doped amplifier are obtained. The results show that the anti-Stokes fluorescence cooling can mitigate the
generated heat in the ion-doped C/C in high-power operation effectively.
As the host material of the C/C Yb-doped fiber amplifier, we consider both silica
and ZBLAN glasses. One of the inherent difficulties of the RBL technique is that the
pump wavelength has to be in the tail of the absorption cross-section to exceed the
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mean fluorescence wavelength. Therefore, the signal amplification drops appreciably
due to low absorption cross-section in RBLs [32, 82]. It must be noted that the goal
of the present study is not to deal with the low signal amplification issue in the
RBL, which lies beyond the scope of the study; rather, the main idea is to study the
efficiency of the anti-Stokes fluorescence cooling in the suggested design of the C/C
Yb-doped configuration especially in comparison with that of the DC fiber amplifier
studied in the last section.
Finally, we discuss the impact of the inner cladding diameter on the total linear
heat density (LHD) and signal efficiency (ηs ) of the C/C Yb-doped configuration.
The results show that one can sacrifice a better signal efficiency (a higher signal
amplification) in favor of having more effective heat mitigation in the suggested
configuration and vice versa. In other words, in the suggested configuration, the
signal efficiency and heat mitigation through anti-Stokes fluorescence cooling are
incompatible with each other. It is also important to again mention that the intention
of the study is not to find the optimum parameters for the suggested design; rather,
its purpose is to show a few examples where the proposed configuration can effectively
offset the generated heat as a proof of concept.

4.4.1

Basic Formalism

The optical fiber considered here is very similar to a typical DC fiber, except for its
inner cladding, which is doped with the same ion as in the core. The cross sectional
schematic of the suggested C/C ion-doped fiber is illustrated in Fig. 4.21, where a
and b represent the core and inner cladding radii, respectively.
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b

a

Figure 4.21: Schematic of a C/C ion-doped fiber amplifier.

The dopant distribution (N0 ) in the core and the inner cladding is defined by



N01 , ρ ≤ a
N0 (ρ) =
,
(4.33)


N02 , a < ρ ≤ b
where N01 and N02 are the dopant densities in the core and inner cladding, respectively.
As it is obvious from Eq. 4.33, in the suggested design, unlike a typical DC fiber,
the inner cladding has a non-zero dopant density. In general, the core and inner
cladding are doped with different ion densities. The dopant density is known to
affect the fluorescence lifetime (τF )[33, 44]. Therefore, we differentiate between the
fluorescence lifetimes of the core and inner cladding by:



ηq1 τr , ρ ≤ a
τF (ρ) =
,


ηq2 τr , a < ρ ≤ b

(4.34)

where ηq1 and ηq2 are the internal quantum efficiency of the core and the inner
cladding of the fiber, respectively, and τr is the radiative lifetime.
Here, due to the fact that both the core and the inner cladding are doped with
the same dopant ion, we have assumed that the radiative lifetime, τr , is the same in
the core and inner cladding.
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4.4.2

Pump power propagation

To calculate the pump and signal (laser and ASE) intensities in the core and the inner
cladding of the fiber, we follow the formalism introduced in Sec 4.3. Unlike a typical
DC fiber amplifier in which the pump power is only attenuated by the background
absorption in the inner cladding, here in the suggested C/C ion-doped fiber amplifier,
the pump power is attenuated by the background absorption and resonant absorption
originating from the dopant in the inner cladding. Hence,the impact of the dopant
in the inner cladding should be taken into account in the modeling.
Using derived equations in Sec. 4.3, the right- (Ip+ ) and left- (Ip− ) moving pump
intensity along the fiber can be written as

±

dIp±
dz

1+

n
P

γj ĩ±
j

j=1

= −N0 σpa
1+

ĩ±
p

+

n
P

ĩ±
j

Ip± − αb Ip± .

(4.35)

j=1

Because as indicated earlier, the fluorescence lifetime is generally different in the
core and the inner cladding, the saturation intensity naturally becomes different in
the core and the inner cladding as follows:

Ipsat (ρ) = Ipsat ×

Ijsat (ρ) = Ijsat ×



−1

ηq1
, ρ≤a

,


−1

, a <ρ≤b
ηq2

hcβp
,
λp τr σpa
σpa
βp = a
,
σp + σpe

Ipsat =

,


−1

, a <ρ≤b
ηq2


−1

ηq1
, ρ≤a

hcβj
,
λj τr σja
σja
βj = a
,
σj + σje

Ijsat =
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γj = 1 −

βj
.
βp

(4.36)

In order to obtain the longitudinal evolution of the right- and left- moving pump
powers, we integrate the intensities over the entire cross sectional area of the fiber as
it was done in Sec 4.3. The final product is described by (See Appendix for details).

h
dPp±
A
AD1 − B1 C1
D1 i
a
±
±
= −αb Pp − σp N01
Γp + Γ(
) ln 1 − ηa
dz
C1
C1 D1
C1 + D1


h
i
A
AD2 − B2 C2
C2 + (1 − ηb )D2
a
− σp N02
(1 − Γp ) + Γ(
) × ln
Pp± , (4.37)
C2
C2 D2
C2 + (1 − ηa )D2
where
A = 1,

B=

n
X

γj p̃±
j ,

C =1+

p̃±
p,

D=

j=1

n
X

p̃±
j ,

j=1

Bi = ηqi B,

Ci = (1 − ηqi ) + ηqi C,
Di = ηqi D,



2
2
2
2
ηa = 1 − exp − 2a /w , ηb = 1 − exp − 2b /w .


(4.38)

Here i ∈ {1, 2}, (i = 1 refers to the core and i = 2 refers to the inner cladding).
Γp = (a/b)2 is the pump overlap-factor.

4.4.3

Signal power propagation

Similar to the pump propagation, the differential equations describing the left- and
right-moving signal intensities along the fiber are described by
dIj±
±
=
dz

βp ĩ±
p +

n
P

βk ĩ±
k

k=1

1 + ĩ±
p +

n
P

ĩ±
k



e ±
e
a
N0 (σj + σj )Ij + σj Πj fω − N0 σja Ij± − αb Ij± .

k=1

(4.39)

Integrating Eq. 4.39 over the entire dopant area, including the inner cladding,
the differential equations for the right- and left-moving signal powers along the fiber
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amplifier are obtained (See Appendix for details):


dPj±
±
±
e
e
a
±
= −αb ηb Pj + N01 (σj + σj )Pj + σj Πj ×
dz



B1
A1 D1 − B 1 C1
D1 
ηa − (
) ln 1 − ηa
− N01 σja Pj± ηa
2
D1
D1
C1 + D1


+ N02 (σja + σje )Pj± + σje Πj ×


(4.40)

 C + D (1 − η ) 
B2
A2 D2 − B 2 C2
2
2
b
(ηb − ηa ) − (
) ln
− N02 σja Pj± (ηb − ηa ),
D2
D22
C2 + D2 (1 − ηa )

where
A=

βp p̃±
p,

Ai = ηqi A,

B=

n
X

βj p̃±
j ,

B i = ηqi B.

(4.41)

j=1

4.4.4

Fluorescence emission (anti-Stokes cooling)

In order to calculate the contribution of anti-Stokes fluorescence to the heat density
in the fiber, we need to obtain the average energy that escapes from the fiber amplifier
via fluorescence emission. Here we assume that the total dopant density in the excited
state decays over the radiative lifetime with an average energy of Ef = hc/λf for
each decaying excited ion. This process can be quantitatively described by
dIf
hc
=
N2 (ρ),
dz
λf τr (ρ)

(4.42)

where N2 represents the total ion density in the excited state and can be described
by
βp p̃±
p + gw (ρ)

n
P

βj p̃±
j

j=1

N2 (ρ) =
1+

p̃±
p

+ gw (ρ)

n
P

N0 (ρ).

(4.43)

p̃±
j

j=1

Integrating Eq. 4.42 over the entire dopant area, the fluorescence linear power
density can be obtained (See Appendix for details). The fluorescence linear power
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density along the C/C ion-doped fiber amplifier finally can be described by


h
dPf
A1 2 πw2 A1 D1 − B 1 C1
hc
D1 i
=
N01
πa +
(
) ln 1 − ηa
(4.44)
dz
λf τr
C1
2
C1 D1
D1 + C1

h C + (1 − η )D i
A2
hc
πw2 A2 D2 − B 2 C2
2
b
2
2
2
+
N02
(πb − πa ) +
(
) ln
.
λf τr
C2
2
C2 D2
C2 + (1 − ηa )D2

Here we have assumed that the entire fluorescence emission, except a small fraction that is guided through the fiber and seeds the ASE, escapes from the fiber
amplifier, which is an acceptable assumption for the fiber due to its small crosssection [48].

4.4.5

Heat generation and extraction

We now have all the necessary ingredients to calculate the total LHD and consequently the temperature distribution of the fiber amplifier by solving the steady-state
heat equation. Because the C/C fiber structure is basically complicated and different
than that of a typical DC fiber, we need to derive the LHD equations from scratch.
Here, we have broken the total LHD (q) into separate components as

q(P̃p± , P̃j± ) = qp (P̃p± , P̃j± ) + qs (P̃p± , P̃j± ) + qf (P̃p± , P̃j± ) − qb,s (P̃p± , P̃j± ).

(4.45)

qp and qs denote the contributions of the pump and signal powers. The subtraction
of qb,s signifies the scattering part of the background absorption coefficient that does
not contribute to the heat generation. In other words, the background absorption
coefficient consists of an absorptive and a scattering part, αb,a and αb,s , respectively
(αb = αb,a + αb,s ) [80]–the scattering part does not lead to the heat generation. qf
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represents the anti-Stokes fluorescence cooling.
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qp = −
+
,
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±
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P̃j , a < ρ ≤ b
αb,s (1 − Γp )P̃p + (ηb − ηa )

(4.46)

j=1

To obtain the temperature distribution in the amplifier, the steady-state heat
differential equation has to be solved, where the source is the volume heat density,
rather than the LHD (q) [19]. The volume heat density Q for the core and the inner
cladding areas are given by:

1
q(P̃p± , P̃j± ),
πa2
1
1
Qinc (P̃p± , P̃j± ) =
q(P̃p± , P̃j± ),
(1 − Γp ) πb2

Qco (P̃p± , P̃j± ) =

ρ ≤ a,
a < ρ ≤ b,

(4.47)

where Qco and Qinc denote the heat densities in the core and the inner cladding of
the fiber, respectively.
We have assumed that the volume heat density inside the core and the inner
cladding is uniform. Inserting the volume heat densities from Eq. 4.47 into the heat
equation allows us to find the temperature distribution in the core (Tco ) and the inner
cladding (Tinc ) at each position along the fiber [19]. The temperature distribution
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inside the core and inner cladding of the fiber amplifier can be described by

a2 
Tco (ρ) =
Qco (P̃p± , P̃j± ) − Qinc (P̃p± , P̃j± )
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b
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(4.49)

where T0 = 300 K, is the ambient temperature, Hc = 80 W/m2 K is the heat
convective coefficient and k is the thermal connectivity of the host material (k =
1.23 W/mK for silica glass and k = 0.63 W/mK for ZBLAN glass).

4.4.6

Signal amplification in Core/Cladding fiber amplifier

In this section, we study the suggested configuration of the C/C Yb-doped fiber amplifier which is inspired by a DC fiber amplifier described in Ref. [13] as its schematic
is shown in Fig. 4.22. For the following simulation as it was mentioned earlier, we
consider two different host materials such as silica and ZBLAN glasses. For each host
material, the contributions of the pump, signal, and fluorescence emission powers to
the total LHD are calculated. Using the calculated heat density, the transverse and
longitudinal distributions of the temperature in the amplifier are also obtained.
As it is obvious from Fig. 4.21, the suggested configuration consists of a core and
inner cladding with radii of a and b, respectively. As it is clear in Fig. 4.22, the
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pump power can be coupled into the fiber amplifier from either port 1 or port 2 at
z = 0 and z = L, respectively. The signal power is seeded into the fiber amplifier
from port 2 at z = L. We also take the fractional signal power in the core to be
ηa = 0.9. For a single-pass pump C/C Yb-doped configuration, we pump the fiber
amplifier from port 1, and for a double-pass pump configuration we pump the fiber
amplifier from both port 1 and port 2. Because the heat generation and extraction
here are mainly governed by the pump power distribution along the fiber amplifier,
we have chosen a double-pass pump C/C Yb-doped configuration where the net
absorbed pump power takes a more uniform distribution along the fiber amplifier;
Consequently, the temperature distribution will have a more uniform distribution
along the double-pass pump fiber amplifier compared to the single-pass pump one.
Similar to our simulations on the DC fiber amplifier, here all the simulations
are carried out with equally spaced signals over the emission and absorption crosssections spaced by δλ = 2 nm. Because each host material has its own emission
and absorption cross-sections with a different spectral domain, the spectral domain
for each ion-doped glass is different. For the C/C Yb-doped silica fiber amplifier,
the considered spectral domain in the modeling starts at λ1 = 932 nm (n = 1) and
ends at λ130 = 1190 nm, which entails n = 130 signal segments. For the Yb-doped
ZBLAN glass, the spectral domain also starts at λ1 = 932 nm (n=1) and ends at
λ80 = 1090 nm, which entails n = 80 signal segments.

Figure 4.22: Schematic of the suggested C/C ion-doped amplifier, Pp0 and Ps0 represent the input pump and signal seed powers.
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4.4.7

Simulation of a Core/Cladding Yb-doped Silica Fiber
Amplifier

We start our modeling by considering a silica glass as the host material of the configuration with the core and inner cladding radii of a = 13 µm and b = 143 µm, respectively. The fiber amplifier is pumped at λp = 1040 nm and seeded at λs = 1070 nm
−
with the seed power of Ps0
= 1 W. The radiative lifetime of both core and inner

cladding are assumed to be the same, τr = 1 ms. The background absorption is
also taken to be αb = 10 dB/km where αb,a = 5 dB/km and αb,s = 5 dB/km. The
mean fluorescence wavelength and the fiber length are λf = 1008 nm and L = 26 m,
respectively. Here we assume that the Yb ion density in the core and inner cladding
are N01 = 1 × 1026 m−3 and N02 = 6 × 1025 m−3 , respectively.
Here we also assume that a near-unity internal quantum efficiency, for an ion
density of N02 in a high purity silica glass, in the presence of some modifiers like
Al2 O3 , is achievable [37]. However, for the sake of a higher signal amplification, we
take a higher Yb ion density in the core (N01 ), which comes at the cost of a lower
internal quantum efficiency due to the fact that the ion density gets closer to the
quenching concentration. Therefore, we assume that the internal quantum efficiency
of the core and inner cladding are ηq1 = 0.8 and ηq2 = 1.0, respectively.
In the modeling, we consider a double-pass pump C/C Yb-doped silica fiber
amplifier where the fiber amplifier is pumped from both end-facets, ports 1 and 2,
−
+
at Pp0
= Pp0
= 0.5 kW.

Figure 4.23 shows the propagation of the right- and left- moving pump and signal
powers along the fiber amplifier in the suggested double-pass pump C/C Yb-doped
silica fiber amplifier. The signal power is amplified up to Ps− (0) = 0.13 kW which is
equivalent to a signal efficiency of ηs = 13 %.
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Figure 4.23: Propagation of right- and left- moving pump and signal powers along
the double-pass pump C/C Yb-doped silica fiber amplifier at λp = 1040 nm and
+
−
λs = 1070 nm with Pp0
= Pp0
= 0.5 kW.

In Fig. 4.24, we compare the contribution of the anti-Stokes fluorescence cooling to the net effect of the other terms that contribute to the total LHD. Here, q 0
(q 0 = q − qf ) represents the net contributions of the quantum defect in the fiber,
resonant absorption in the inner cladding plus the absorptive part of the background
absorption to the total LHD, and qf represents the anti-Stokes fluorescence LHD.
As it is obvious from Fig. 4.24, q 0 and qf are comparable to each other; therefore,
one can expect an effective heat mitigation from the anti-Stokes fluorescence cooling
in the C/C Yb-doped fiber amplifier. Fig. 4.24 also shows the contribution of the
background absorption (qb,a ) to q 0 , which is negligible compared to the other factors
such as the resonant-absorption and the anti-Stokes fluorescence.
Figure 4.25 describes the longitudinal distribution of the temperature along the
double-pass pump C/C Yb-doped silica fiber amplifier, ∆T = T (0, z) − T0 , where T0
is the ambient temperature. The temperature, a few meters after port 1, drops below
the ambient temperature and retains its negative sign up till port 2. The longitudinal
RL
average of the temperature has also a negative value, ∆T = (1/L) 0 T (0, z)dz − T0 ,
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Figure 4.24: Propagation of q 0 , qb,a , qf in the double-pass pump C/C Yb-doped silica
+
−
fiber amplifier with Pp0
= Pp0
= 0.5 kW.

∆T = −4.2 K for the studied configuration.

Figure 4.25: Longitudinal temperature distribution (∆T ) of the double-pass pump
+
−
= Pp0
= 0.5 kW.
C/C Yb-doped silica fiber amplifier with Pp0

Figure 4.26 describes the radial distribution of the temperature in the core of the
fiber amplifier at port 1. Figure 4.26 also implies a small temperature variation of
δT = T (0, 0)−T (a, 0) = 0.02 K across the fiber core. This low temperature variation

128

is a good indication of a high degree of thermalization in the C/C ion-doped fiber
amplifier [72].

Figure 4.26: Temperature variation across the core at port 1 for the double-pass
+
−
pump C/C Yb-doped silioca fiber amplifier with Pp0
= Pp0
= 0.5 kW.

We have shown that the average temperature of the suggested C/C Yb-doped
silica fiber amplifier can drop below the ambient temperature while it is delivering
hundreds of watts of signal power. To examine how effective the anti-Stokes fluorescence cooling has been in the previous example, we need to compare the previous
studied case to a typical Yb-doped DC fiber amplifier whose features are the same as
the previous studied case except for its inner cladding, which is not doped. In other
words, in the absence of the ion dopant in the inner cladding, the C/C ion-doped fiber
amplifier turns into a typical DC fiber amplifier that lacks the anti-Stokes cooling
mechanism for the heat extraction in the inner cladding.
Figure 4.27 shows the propagation of both right- and left- moving pump and
signal powers along the DC fiber amplifier. The signal power is amplified up to
Ps− (0) = 0.23 kW, which is equivalent to a signal efficiency of ηs = 23 %. The
reason behind the higher signal amplification in the case compared to the doublepass pump C/C Yb-doped silica fiber amplifier is the absence of the Yb dopant in
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the inner cladding. When the inner cladding is not doped with the Yb ions, the
pump power mainly gets absorbed in the doped core of the DC fiber amplifier and
results in a higher population inversion; therefore, a higher signal amplification is
obtained for the DC fiber amplifier.

Figure 4.27: Propagation of right- and left- moving pump and signal powers along
the Yb-doped silica DC fiber amplifier at λp = 1040 nm and λs = 1070 nm with
+
−
Pp0
= Pp0
= 0.5 kW.

Figure 4.28 describes the total LHD in the absence of the anti-Stokes cooling
(q 0 ) and the anti-Stokes fluorescence LHD (qf ) in the DC fiber amplifier. qf is now
considerably smaller than q 0 , because the inner cladding is not doped and much of
q 0 comes from the background absorption (qba ) as it was explained earlier.
Figure 4.29 describes the longitudinal distribution of the temperature along the
Yb-doped silica DC fiber amplifier. The fiber temperature is now appreciably higher
than that of double-pass pump C/C Yb-doped silica fiber amplifier, where the antiStokes fluorescence cooling is responsible for the effective heat offset in the inner
cladding. The longitudinal average of the temperature along the DC fiber amplifier is
now ∆T = 20 K, which is nearly 24 K warmer than that obtained in the double-pass
pump C/C Yb-doped configuration. It is wroth mentioning that the temperature
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Figure 4.28: Propagation of q 0 , qb,a and qf in the DC Yb-doped silica fiber amplifier
+
−
with Pp0
= Pp0
= 0.5 kW.

variation across the core of the fiber amplifier at port 1 is δT = 0.03 K.

Figure 4.29: Longitudinal temperature distribution (∆T ) of the Yb-doped silica DC
+
−
= 0.5 kW.
fiber amplifier with Pp0
= Pp0
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4.4.8

Core/Cladding Yb-doped ZBLAN Fiber Amplifier

As mentioned earlier, the ZBLAN glass as a viable host material for solid-state laser
cooling is also an interesting host-material for the C/C Yb-doped fiber amplifier. For
the modeling, we only consider a single-pass pump C/C Yb-doped ZBLAN fiber amplifier with the core and inner cladding radii of a = 13 µm and b = 182 µm.
The fiber amplifier is pumped from port 1, at λp

=

1020 nm with an input

+
power of Pp0
= 0.5 kW and seeded at λs = 1050 nm with the seed power of
−
Ps0
= 1 W. The radiative lifetimes of both core and inner cladding are assumed to

be τr = 1.8 ms. The mean fluorescence wavelength and the fiber length are also
taken to be λf = 995 nm and L = 9 m, respectively [10, 78–80]. Here, we also
assume that αb = 20 dB/km and αb,a = 10 dB/km.
One of the most important limiting factors of the ZBLAN glass is its low optical
damage threshold intensity (2.5 × 1011 W/m2 ) [35]. Therefore, there is a maximum
value for the signal power inside the doped core beyond which the optical damage
happens. Simple calculations tell us that for the current C/C Yb-doped ZBLAN
optical
fiber amplifier, the signal power cannot go beyond Pth
= 0.1 kW [22]. The low

signal power also demands a lower pump power, which is equivalent to a lower heat
generation in the inner cladding of the C/C Yb-doped ZBLAN fiber amplifier. Hence,
to cancel out the heat generation that comes from the resonant and background
absorptions, a lower value of the Yb dopant in the inner cladding is required.
For the study, we take the Yb ion density in the core and the inner cladding to
be N01 = 30 × 1025 m−3 and N02 = 5 × 1025 m−3 , respectively. The results published
in Refs. [78, 79] imply that the implemented Yb ion densities of the core and inner
cladding in the configuration are less than the quenching concentration in a pure
ZBLAN glass; therefore, an internal quantum efficiency of ηq = 1 is achievable. It is
also worth mentioning that for the sake of a better signal amplification in the core,
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we have taken the Yb density of the core to be higher than that of the inner cladding.
Note that the other parameters which are not mentioned here are the same as the
parameters used in the Subsec 4.4.7.
Figure 4.30 describes the pump and signal powers along the fiber amplifier. The
pump power is totally absorbed and signal power is amplified up to Ps− (0) = 0.06 kW,
which is equivalent to a signal efficiency of ηs = 12%.

Figure 4.30: Propagation of the pump and signal powers along the single-pass pump
C/C Yb-doped ZBLAN fiber amplifier with λp = 1020 nm and λs = 1050 nm and
Pp+ (0) = 0.5 kW.

Figure 4.31 shows the total LHD in the absence of the anti-Stokes cooling (q 0 )
and the anti-Stokes fluorescence LHD (qf ) in the C/C Yb-doped ZBLAN fiber amplifier. q 0 and qf are comparable to each other and consequently one should expect
an effective heat mitigation in the C/C Yb-doped ZBLAN configuration.
Figure 4.32 also describes the temperature distribution along the fiber amplifier.
It is clear that in less than 2 meters after port 1, the amplifier temperature drops below the ambient temperature. The calculations show that the longitudinal average of
the temperature is ∆T = −5.1 K. The obtained results also show a low temperature
variation of δT = 0.08 K at port 1 in the studied case.
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Figure 4.31: Propagation of q 0 , qb,a , qf in the single-pass pump C/C Yb-doped
ZBLAN fiber amplifier with Pp+ (0) = 0.5 kW.

Figure 4.32: Longitudinal temperature distribution (∆T ) of the single-pass pump
+
C/C Yb-doped ZBLAN fiber amplifier with Pp0
= 0.5 kW.

In order to check the impact of the anti-Stokes fluorescence cooling on the heat
mitigation in the studied case, we again follow the same steps and take the Yb ion
density of the inner cladding to be N02 = 0. For the C/C Yb-doped ZBLAN fiber
amplifier in the absence of the Yb ions in the inner cladding, the calculations predict
ηs = 22%, and ∆T = 16 K. The comparison similar to the Yb-doped silica DC fiber
amplifier that was studied earlier shows an increase in both signal efficiency and the
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temperature. The increase in the average temperature is nearly 21 K which again
clearly shows that the C/C Yb-doped configuration has been effective in the heat
mitigation for the ZBLAN glass.

4.4.9

Signal and cooling efficiency

So far we have investigated a few different examples of the suggested C/C Yb-doped
fiber amplifier, where the temperature distribution, the distribution of the pump
and signal powers, and the total LHD have been studied. Here, we will obtain a
general insight about the signal efficiency and heat loading of the C/C Yb-doped
configuration. Although the main focus of the study is the heat mitigation via antiStokes fluorescence cooling, the signal efficiency is also another important parameter
for fiber amplifiers that needs to be studied. We know that in the C/C Yb-doped
configuration, a considerable amount of the pump power is absorbed in the inner
cladding due to the resonant absorption. In other words, unlike a typical DC fiber
amplifier where the pump power mainly gets absorbed in the core, here in the C/C
Yb-doped configuration, the pump power gets absorbed mainly in the inner cladding
as well as the core which results in a lower devoted pump power to the core; hence,
the lower pump power in the core leads to a lower signal gain or a lower signal
efficiency in the C/C Yb-doped configuration.
To explore a relationship between the heat mitigation and signal efficiency in the
fiber amplifier, we will base our analyses upon a few simplifications such as i) both
pump and signal intensities are uniform across the fiber amplifier, ii) it is only the
amplified signal (λs ) that is taken into account in the calculations and the other
emission spectra (λj , j 6= s) are neglected, iii) the signal power is totally confined
inside the fiber core, and iv) the fiber length is so small that the pump and signal
powers do not drop appreciably along the fiber amplifier.
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Considering the above assumptions, we first start the calculations with the total
LHD to obtain a simpler expression for it. Another important simplification that we
make here is that we neglect the effect of the core on the calculation of the total LHD;
therefore, we can reduce the whole structure of the C/C Yb-doped fiber amplifier to
a Yb-doped fiber with the radius of b. Now, the pump power in the fiber amplifier
is being attenuated by the resonant and the background absorption. Generally, it is
similar to what was explained in section 4.2 regarding the optimum and maximum
powers for laser cooling.

Figure 4.33: Blue solid line describes the total LHD (q) for λp = 1040 nm and
b = 143 µm. The cyan dashed-line described the total LHD that includes only the
absorptive part of the background absorption (qb,a = αb,a Pp ).

Figure 4.33 shows the behavior of the total LHD (q(Pp )) versus the pump power
for the parameters used in Sec 4.4.7 where λp = 1040 nm and λf = 1008 nm. The
algebra shows that the total LHD for the pump power smaller than the saturation
pump power is negative or exothermic. With increasing the pump power, the total
LHD starts decreasing until it reaches its minimum value that is Popt = 116 W for
the parameters used in section 4.4.7 using Eq. 4.4.
As the pump power goes beyond its optimum value, the resonant absorption
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of the pump power starts to saturate, while the background absorption is linearly
increasing with the power and dominating the other factors, αb,a Pp ; therefore, the
total LHD starts increasing and beyond a particular pump power becomes positive
as it is obvious from Fig. 4.33. The maximum pump power (Pmax ) beyond which the
total LHD becomes positive also can be described by Eq 4.3 which is estimated to
be Pmax = 0.87 kW.
As the input pump power increases, the maximum pump power (Ppmax ) also needs
to shift to higher values to guarantee more effective heat mitigation via anti-Stokes
fluorescence cooling in the C/C Yb-doped configuration. The shift in the maximum
pump power is doable either by increasing the dopant density in the inner cladding or
increasing the inner cladding area. Because the quenching concentration is a barrier
to the dopant density increase in the configuration, an increase in the inner cladding
area is a better choice. Eq. 4.3 shows that with the increase of the inner cladding
area, the maximum pump power increases linearly. Therefore, a C/C Yb-doped
configuration with a larger inner cladding area is more desirable as long as the heat
mitigation via anti-Stokes fluorescence cooling is concerned.
So far we have learned that with the increase of the pump power, the inner
cladding area needs to be increased for more effective heat mitigation. But beside
the heat mitigation for the C/C Yb-doped configuration, one also needs to investigate the signal efficiency (ηs ) of the C/C Yb-doped configuration. To get a better
insight about the signal efficiency of the C/C Yb-doped configuration, we introduce a
quantity based on the previous simplifications as follows (here we also have neglected
the background absorption):
dPs dPp
/
,
dz dz
ps
1
1
Pp N02 σpa (1 + 1+pp )
= DC + (1 − Γp )
,
ηs
ηs
Ps N01 σsa ( βp − 1)pp − 1
ηs =

(4.50)

βs

where ηsDC represents the signal efficiency of a DC fiber amplifier where its parameters
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are the same as the C/C ion-doped fiber amplifier except for the ion density in the
inner cladding where N20 = 0.
From Eq. 4.50, one realizes that the signal efficiency of the C/C ion-doped fiber
amplifier is lower than a typical DC fiber amplifier due to the resonant absorption in
the inner cladding. Another important point that can be understood from Eq. 4.50 is
that for a constant core diameter, as the inner cladding diameter increases, which is
equivalent to the decrease of the pump overlapping factor (Γp ), the signal efficiency
decreases. Therefore, as long as the signal efficiency is concerned, a smaller inner
cladding diameter is more desirable which is in sharp contrast with what we have
learned from Eqs. 4.5 and 4.3, where a larger cross section of the inner cladding is
more desirable for more effective heat mitigation. Hence, this important incompatibility should be taken into account in the design of the C/C ion-doped configuration.
In conclusion, in the chapter, we have presented a new design of a DC fiber
amplifier in which the inner cladding of the DC fiber is doped with the same ion as
in the core. By doping the inner cladding of a typical DC fiber amplifier, we create a
situation in which the anti-Stokes fluorescence cooling can offset the generated heat
from the background absorption effectively in the inner cladding . In the modeling,
we presented a detailed analytical formalism that not only considers the spatial
profiles of both pump and signal intensities, but also entails ASE as the source of the
anti-Stokes fluorescence cooling. Using the obtained signal and pump powers along
and across the C/C Yb-doped fiber amplifier, the generated heat and consequently
temperature distribution in the the C/C Yb-doped amplifier were calculated. In the
study, two host glasses amenable to the solid-state laser cooling such as silica and
ZBLAN glasses are considered. The calculations show that as long as the internal
quantum efficiency of the host materials are very close to unity, the anti-Stokes
fluorescence cooling can decrease the excess heat effectively in the C/C Yb-doped
configuration in high-power operation.
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Chapter 5
Conclusion

Radiation-balancing has been introduced as a new mechanism for offsetting the generated heat in lasers and amplifiers. Unlike conventional methods that rely on the
flow of cold liquid or gas, radiation-balancing relies on laser cooling. The reliance on
the laser cooling makes radiation-balanced lasers or amplifier different from conventional lasers in terms of gain media, design etc.
In this study, we have focused on radiation-balanced fiber lasers and amplifiers;
therefore, we have considered different important aspects in the design of a radiationbalanced fiber amplifier. The first question posed before us in the study was: what is
the best choice as the gain medium for a radiation-balanced fiber laser or amplifier?
Two candidates such as ZBLAN and silica were considered and their features were
studied in detail. The comparison between these two candidates showed that silica
glass is a better choice as the host material in terms of mechanical and chemical
stability. However, unlike ZBLAN glass, silica glass had evaded all the laser cooling
experiments and the first step for us was to investigate the possibility of laser cooling
in Yb-doped silica glass.
As the first move, the feasibility of laser cooling in Yb-doped silica glass was
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investigated and the study confirmed the feasibility of laser cooling in Yb-doped silica
glass under some specific conditions on the Yb dopnat density etc. Considering the
calculated features for a cooling-grade Yb-doped silica sample, three different Ybdoped silica fiber preforms with the predicted features were studied. LITMoS test
on all the three samples showed laser cooling. Due to importance of our results (the
first observation of laser cooling in Yb-doped silica glass after two decades of failure),
the results were cross-checked by different methods and they were in consistent with
each other.
Considering the observation of laser cooling in Yb-doped silica glass, we have
implemented radiation-balancing in a typical DC fiber amplifier in a set of simulations. The results showed that in a power range of a few tens of watts, 20-30 W,
radiation-balancing could offset the generated heat, but for greater powers, radiationbalancing fails to work. It was realized that the main reason behind the failure of
radiation-balancing in mid-power operation regime (hundreds of watts or more) is the
background absorption in a DC fiber amplifier. In order for radiation-balancing to
operate in mid-power operation regime, a new fiber structure called ”Core/Cladding
ion-doped structure” was introduced. The simulations have shown that radiationbalancing can successfully operate in the Core/Cladding fiber amplifier in mid-power
operation.
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Chapter 6
Future Work

So far we have demonstrated solid-sate laser cooling in Yb-doped silica glass. Our
future plan for the study is divided into two different parts. The first, more immediate, plan deals with laser cooling aspects of silica glass. The second plan which seems
more far-fetched compared to the first, deals with the design of a radiation-balanced
Yb-doped silica fiber amplifier. The first plan is to enhance the achievable temperature drop in Yb-doped silica glass. As it was demonstrated in the study, a maximum
temperature drop of 0.5 K was observed in the sample B. Hence, in order to increase
the temperature drop in the implemented Yb-doped silica glasses, we will adjust the
geometry of the preforms. It is obvious from Eq. 3.5 that the temperature drop
(∆T ) is inversely proportional to the preform’s diameter (b), ∆T ∝ A−1 ≈ (2πb L)−1
. Therefore, to increase the temperature drop, we will remove the cladding of the fiber
preforms as much as possible. By decreasing the fiber preforms’ outer diameters, we
can appreciably increase the fiber temperature drop. We anticipate a temperature
drop of a few degrees (and possibly close to 10 K) in our future study, when the
cladding is removed.
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From Eq. 3.5 we know that
∆T =

ηc Pabs
,
4AσT03

and

Pabs = Pin 1 − e−αr (λp )L ≈ Pin αr (λp )L,
are applicable for a one-pass LITMoS test. Knowing the cooling efficiency, the desired
product (−ηc Pabs ) then becomes proportional to −ηc αr (λp ).
Figure 6.1 describes −ηc αr versus λp for each sample. These figures clearly show
that the maximum temperature drop can be attained at around 1035 nm. Therefore,
to achieve a higher temperature drop, our Yb-doped silica samples should be pumped
at λp = 1035 nm.
Of course, sufficiently high power is also another requirement (10 W or higher).
The laser source closest to these requirements available to us was an Nd:YLF laser
with Pin =10.4 W and λp =1053 nm. Our immediate future plan is to develop a
tunable laser source at near λp =1035 nm with 30 W power or higher to maximize the
temperature drop.
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Figure 6.1: Estimation of ∆T versus the laser wavelength. The figures show the value
of −ηc αr (λ) versus the laser wavelength for the samples A, B and C, respectively.
These plots serve as an estimate of ∆T versus the laser wavelength at a fixed input
laser power.
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Appendix A

Appendix

Here, one can vividly see the way equations in chapter IV are derived. Note that
although the calculations describe the spatial evolution of fundamental parameters
in the C/C ion-doped fiber amplifier, It is obvious that inserting N2 = 0 into the
following equations reduced the equations to the equations describing a typical DC
fiber amplifier.
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A.0.1

Propagation of pump power

Calculations of the pump power propagation in the core and inner cladding can be
described by
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To calculate the above terms, we have used the following identity:

b

A + Bgw (ρ)
A (b2 − a2 ) w2 AD − BC
ρdρ =
+
(
)
C
2
4
CD
a C + Dgw (ρ)
h C + (1 − η )D i
b
× ln
.
C + (1 − ηa )D

Z
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(A.2)

A.0.2

Propagation of signal power

Calculations of the signal power propagation in the core and inner cladding can be
described by

±

dPj±
dz

2π

Z

βp p̃±
p + gw (ρ)

a

Z

0

βk p̃±
k

k=1

dφ

=

n
P

0

1+

Z

2π

n
P

p̃±
p

+ gw (ρ)
k=1


× (σja + σje )Pj± + σje Πj
−

N01 σja Pj±

dφ
Z a

0

−

αb Pj±

2π

Z

dφ

2π

a

fw (ρ)ρdρ
0

fw (ρ)ρdρ

0

Z

Z

N01 fw (ρ)ρdρ
p̃±
k

0

βp p̃±
p + gω (ρ)

b

Z

n
P

βk p̃±
k

k=1

dφ

N02 fw (ρ)ρdρ
n
P
±
1 + p̃±
+
g
(ρ)
p̃
w
p
k
k=1


±
a
e
e
× (σj + σj )Pj + σj Πj
+

a

0

−

N02 σja Pj±

Z

2π

0

−

αb Pj±

Z

2π

Z

dφ
Z b

fw (ρ)ρdρ
a

fw (ρ)ρdρ.

dφ
0

b

(A.3)

a

To calculate the above terms, we have used the following identities:
b
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A.0.3

Anti-Stokes Fluorescence

Calculations of the anti-Stokes fluorescence along the fiber amplifier in the core and
inner cladding can be described by
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(A.6)
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